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Abstract

This work considers the potential for flexibility providers in general, and batteries specifically,
to lower the cost of thed NB | i . NIRléctriditysysterd, .byrédécing the amount of

network reinforcement that would otherwise be necessary.

In GB, batteries and other storage assets engage in numerous activities, among them,

wholesale trades, an activity this work simulates for case study periods during 2022.

¢ KS K@ LJaiatior@kbattary, engjaged in wholesale trades, will not export at times of
high wind energy availability in Scotland, nor will it add to transmission network congestion

was investigated and clearly found against.

A second hypothesis RS LJ 2 & Y S y-fize@distriutietanneéidd datteries, engaged
in wholesale electricity trades, will not increase congestion on distribution networks servicing
NEAARSYUGALFf 21 R uaSivlestigated aysik logatiofsRiTsoutdfraScotland,

and also found against, regarding both import and export flows.

Given these findingsinfortunate especially fobill-payerst LJ2aaA0f S WFANXYBEIF GA2Yy X
connections for batteries, was explored. This work found that, in most of the six above

distribution locations studied, batteries could be significantly oversized, by up ¢(ROOMW,

compared to network spare capacityefore experiencing significant financial detriment from

curtailment.

Finally, this work investigates whether battetryggered network reinforcement, or battery

OdzNIiF Af YSyds YAIKG 06S G4KS af26SNI 208SNIrtft Ozais
range of battery sizes for which battery curtailment would appeadt8 G KS af 26 SNJ 024 ¢
option was identified, together with relevant sensitivities. This consideration is complicated

by the different parties on which the costs would fall, and identification of the appropriate

O2YLI NAA2YY GNBAYTFTENAZ 2NNy 2INKE I (BWKENS 2 RKE2 M2 NJ
gKIG SEGSYG OdaNNByd NNy y3aISYSyida SyO2dzNy 38 | af
that is even the most pertinent consideration, given that both network reinforcement, and

also addition of batteries;ould potentially provide wider value for other connecting

customers and for network operability.

The work concludes by answering the research questions posed, suggesting furthgamebrk

proposingsome recommendations for policy makers.



O9EGSYRSR adzyvYl NEB
This work considers the potential for flexibility, generally, and batteries, specifically, to lower
the cost of the GB electricity system as it decarbonises, by reducing the amount of network
reinforcement that would otherwise be necessary. This workrigly because there are
currently many tens of GW of batteries with connection agreement to both distribution and
transmission networks. Better understanding of how these batteries are likely to behave,
especially in areas of network constraints, will ainers and operators of the transmission

and distribution networks, and the whole system, prepare for the very challenging transition to

decarbonisation.
This work sets out to answer the following research questions:
Q1:What kinds of behaviours are foreseeable from short duration batteries?

Q2:Are expected behaviours of sheduration batteries likely to alleviate or exacerbate

network congestion and system needs?

Q3:lsa large-scale roltout of batteries likely to facilitate or obstruct deployment of

NEBySgtrofS k £2¢ OFNb2y 3IASYSNIXrGA2Yy> yR (KS

Q4:1f there are any negative consequences of battery deployment, what mitigation

measures might be appropriate?

This work builds on a significant body of literature which finds that batteries can be invaluable
in providing ancillary services to power systems; however, results of investigations into the
ability of storage to substitute for network reinforcement, ar allow a lowercost deferment,

are mixed. Several authors report different behaviour from storage assets dedicated to
maximising renewable penetration or lowering overall system operation costs, and engaging in
a3y BTSNBalSRe K2t SaltS GNI RSao

In GB, batteries and other storage assets can engage in a range of activitiesdusaton
batteries are very welsuited to provision of ancillary services such as frequency response
services with fast (e.g. stdecond) response times. However, in@siirom such services fell
during 2022, as greater numbers of batteries entered frequency response services markets,
and many batteries engage in other activities. Some engage in balancing services, though

generally infrequently; some have a small butuleg income from Capacity Market; income

w»
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from DUoS and potentially TNUOS credits are an option in some locations, as are DSO flexibility
services in some network constrained areas. Participation in wholesale trades is an option that
became relatively attractive during 2022, and in which soméchbis engaged. Academic

literature and informal views from industry are agreed that batteries would normally need to
engage in multiple activities to be financially viable. Unbundling rules class storage as
GISYSNI A2y ¢ | yR 3S yefdk ffoin dwnindaRdopetafing batfeBes o 2 NJ|

themselves, though DNOs, TOs and the ESO can contract with batteries for services.

This work simulates activities of séiterested batteries, intent on accruing maximum overall
net revenues through wholesale trades. An agent model was created to simulate battery
actions, under various rules governing trading decisions, using rea¢wdlelprice data,

during three 5week case study periods in 2022. The scenarios which accrued the greatest
overall net revenues were selected for further study; in some cases variations to limit cycling,
which may be desired to reduce battery degradatiagrcomply with warranty conditions, were
also investigated. This stage of work yielded plausible timeseries actions of batteries during
the case studies. Timeseries of real grichnected batteries were viewed, and examples of
very similar behaviours werfeund, agreement considered strong enough to validate the

battery simulation model.

Initially, this work explored the likely interactions between the simulated battery actions and
wind generation, using the whole of Scotland as a case study area. In Scotland, maximum
transmission flows are expedominated and occur at times of high winduring which

curtailment of some windfarms is often necessary to comply with grid constraints, especially at

the B6 transmission boundary between Scotland and England.

A study of the potential effect of batteries, if located in Scotland, would have on Transmission
flows was performed, investigating the hypothedisked to Research Questions 1 é¥a
rational battery, engaged in wholesale trades, will not export at times of high wind energy
availability in Scotland, nor will it add to network congestioithe work found against the
hypothesis: batteries engaged in trades, most days, whatever the wind conditions, as diurnal
variations in wholesale price incentivisedgort and also exports. Any exports of a battery,
sited in Scotland, at times of high wind would thus normally exacerbate transmission network

congestion.

A further study was performed to investigate potential effects of batteries on distribution

network flows, asix case study locations in southern Scotlaoidvhich five had significant

2 LJ



capacity of distributed wind connected on the same network. This stugBstigated the
hypothesis also linked to Research Questions 1 andd2ployment of suitabhkgized
distribution-connected batteries, engaged in wholesale electricity trades, will not increase
congestion on distribution networks servicing resii# load demand and windfarnas The
outcome was that battery actions were likely to increase maximum export flows, as some
exports were likely at times of high wind. Looking at the locatith no wind generation, and
others at times of minimal wind generation, the study found that at times, battery actions

were also likely to exacerbate the maximum import flows, because the wholesale price pattern
sometimes differed from that of the locdlemand flows, incentivising battery imports at times

of high demand. Such events generally occurred around the middle of the day (outside of

winter), during which, in other parts of GB, solar output is likely to be significant.

These findings, that actions of a sélterested battery engaged in wholesale trades, if located
in Scotland, would be likely to exacerbate network congestion at timresunfortunate for
several parties: system and network operatarshaving additionhcomplexity to manage, but
most of all forenergy consumers, who must pay costs of additional balancing actions or
network build which battery actions may cause, if misaligned with network negdsy may
also prove detrimental to batteries themselveshie regulatordecidesto restrict their

activities.Thus,some investigation into possible mitigation was conducegloring Research

Question 4p tKS Aa0SyINAR2 2F | -BAKNMENBNOGYYSOLIORFE 60

which it may import or export only up to available network capacity at that time, was
investigated. Such an arrangement is not uncommon for distribetmmected geneators,
especially windfarms in areas of high wind penetration. Battery actions wesema@ated, but
with additional constraints of network thermal limits restrictibgttery actions at times.

Overall net revenues were compared with base case of unrestricted network access, for a
range of battery sizes. Assuming the battery would be curtailed without compensation, the

costs of curtailment was calculated as the diffiece in overall net revenues between the

Got ASYal ¥Bis2N] NBAGNAOGAZ2YEE FyR GNBAGNROGSR

In an attempt to harmonise an approach to battery sizing across all the six locations, all of
which had differing amounts of spare network capacity, batteries were sized, and oversized,
relative to available network headroom. Not surprisingly, curtailtreersts were negligible

for batteries sized up to the spare network capacity, and increased with increasing battery MW

capacity, and broadly similar results were found across all locations. In most cases, batteries

Vi
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could be oversized compared to network spare capacity, by up ©2ZIDMW, before any
significant financial effect of curtailment was found (overall incomes at least ~ 95% of those
under unrestricted network conditions). Projected curtailment costs @sthbattery size
ranges are sensitive to network reliability assumptions, and more detailed study of abnormal
network operating conditions is recommended. Battery oversizing with minimal cost of
curtailment was seen over broader ranges of battery sizesHorter duration batteries (2
hours, as opposed to 4 hours), and for most locations where a relatively even mixture of
demand and generation was connected. Longer duration batteries (4 hours), and locations
where flows were strongly either demandr generation-dominated, generally had higher
curtailment costs for a given battery oversize compared to network headroom. Curtailment
has smaller effect on incomes for shorter duration batteries because they more often can
complete their desired trades, evext lower power and requiring more time, before the

electricity price changes and the trading action is no longer attractive.

Finally, this work investigates whether batteryggered network reinforcement, or battery

OdzNIi F Af YSYy (X YAIKG 06S GKS af26SNI 20SNIrftt O2aié
locations studied above. The work identifies ranges of battery size fahvidattery

OdzNIiF Af YSy G ¢2dzZR FLIISINI G2 0SS GKS aft26SNI O24a(¢é
attractive for shorter duration batteries, at locations with longer feeders where reinforcement

would be more costly, where projected battery lifetime Igst. This consideration is

complicated by several considerations. First, curtailment and reinforcement costs are borne

by different parties. Second, limitations of access tetayolate data on reinforcement costs,

and indeed, wholesale price data on izh the simulations are based, necessitate some

caution in viewing these results, though generic patterns of results are expected to be robust.
¢CKANRZ RAFFSNBY (G NBadzZ Ga ¢2dz R 0SS 20GFAYySR AF (
fFaSNE @2 KPR ONSAYFT2NOS 2N y22ié OFLasS AygSaida3
available to explore the former question, though it is expected to be relevant in many areas

where reinforcements will be needed soon in any case. The work also considers the

appoationment of connection charges between a developer and DNO, and to what extent

OdzZNNBEy i | NN} y3ISYSyida SyO2dzaNy 3S | af26Said 2SN €
jdzSadGA2yayYy oKSUGUKSNI aSS1Ay3 at26Sal 2eh8NItf O2a(
curtailment and reinforcement costs is even the most pertinent consideration, given that both

network reinforcement, and also addition of batteries, could potentially provide wider value

for other connecting customers, and for network operability.eWork concludes by

Vii



answering the research questions posed, suggesting further work, and with some

recommendations for policy makers.

The main takeaway for poliapakers and planners from this workas follows while

RSLIX 28YS8Syid 2F adAFTAOASYy(d FtSEA0ES FraasSda Aa 321
transition, their deploymentoes notin itself guarantee their use to that end. Suitable

accompanying rules and incentives are necessary to ensure flexible assets benefit the wider

electricity system: without such rules or incentiviexibleassets can be expected to add to

existing network challengeat times and in placess well as easing such challengesther

times and places At time of witing (summer 2025), development of more suitable suiéand

incentives is needed.
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1. Chapter 1 Introduction

1.1.Background and motivation

1.1.1. DNB I (i  eldcKidity sistem at the start of this thesis
Thiswork is set in the electrical power system of Great Britain (GB), the location of study. This
thesis is undertaken at a time of great changéhis electricity systemand the] Y @Qider

economy.

At the 1992 United Nation(UN) Earth Summit in Rithye United Nations Framework

Convention on Climate Change (UNFCC) was set upagridlementsstabilise greenhouse gas
(GHGEmiIssiond1]. Building on this Conventigrindustrialised nations agreed programsaf

GHG emissions reductions, over forthcoming decades, at the 1997 Kyoto summit, and limits on

global temperature rises were agreed in Paris in 2@2153]. The Ukassedhe Climate

Change Act 200@}] to codify its commitment tdhese international agreementsThis Act

bound theUKTto reduce is territorial GHG emissionisy 80% of 1990 levels by 2050gether

with intermediate carbon budgets at earlier dateShesecommitmentswere later

strengthenedin 20194 2 & b SUKtetAtSrMIEGHG emissions by 2050llowing advice

FNRBY 'Y D2@SNYYSyidQa /tAVYSgE / KFry3aS /2YYAGGESSE

The UK introducedeverabpolicy instruments tdacilitate thedecarboniation of Great Britain

0 D . ake€lritity system From 2002the RenewableObligation(RO)[8] encouraged the
development of renewablgsnitially predominantly windfarms, witlsome solar PV

installations participating from 201®]. Smal renewable generators, many of them solar PV,
have beersupported by the Feeth Tariff(Fil) [10] scheme from 2010Also in 2010,he

G/ 2yySOG | yR §li]wds mtoduced © KuppsrBnenenewablegenerators
connecting to a location with insufficient electricity transmission network capad@itough

the RO and H scheme<losed to new entrants 2017 and 2019respectivelysupport for
somerenewable and otheltow-carbonprojects continued via the Contracts for Difference
scheme launched in 2014y y i N2 RdzOS R | & ledidkitlNMarket RefainkKp@ckdgey Qa 9
together with a Capacity Market to protect the electricity system against generation
inadequacy{12]¢[15]. Bythe end 0f2022, the yeathis thesisinvestigatesn detail,the GB

grid had over 27 GW of connected wind (combined onshore and offshore) and approaching 15

1 Capacity up to 5 MWe



GW of solar generatiofi 6], significant penetrations on a power system with maximum

system demands of around 50 G\7].

bFdA2y Lt DNAR 9{h aSdér R0 NI diy 26/2ONFOS ineadinly pa 1 SNB 2
that the ESO would not constrain on additional carkemitting generation for system

operation.

LY HAaumMI (GKS 'Y D2@SNYYSyYl elddiicByRpmemy 2025 ¢ Fdzf f &8 RS
[19]. Inlate 2024anew! ¥ D2 @SNYYSy i O2Y YA GG $idgingorward £ SFy t 2
the date for power system decarbonisation to 2J20], though using a amendeddefinition

of cclean powet: at least 95% of electricity generatiimtoo S FNRB Y da Ofi&l y ¢ a2 dzNOS
renewables and nuclearlt is expected that some unabated gas generation will be needed at

times of low renewables outputs, but such generation will account for no more 58aof

total electricitygeneratior? [21], [22]

Among the many challenges of operating an electricity system, necessarily with more inflexible
generation sources, such as wind, solar and nucleflexibility. The UK Government and the
energy regulator Ofgem wrotélokeep the power system stable, supply and demand have to
balance in real time. Flexibility refers to #ieility to modify generation and / or consumption

patterns in reaction to an external signal (such as a change in pricenessagge [23].

Another challenge is network limits: new sources of generatioroftem sitedat different
locations to traditionapower stations. e formerchallengas an example of potential
temporalmismatch between generation availability and demand; the lattelootional
mismatch, where there is insufficient network capacity to transport electricity from generation
to demand centres at all timesThe causeandmanagementof the above mismatchesre

summarised inmablel.

Will deployment ofsources oflexibility facilitate the decarbonisation of the electricity system,

by potentially relievindpoth temporal and locational constraints?

2¢KS LX SRAS Ifaz2 Aa de@aNdi@n @S X¥BIDTNR YSHOOENNOA &E dzND ¢
expectation that GB will export electricity at times of high renewable output and low denj2@ils



Tablel Summary of mismatches between generation and demand

Place Time
Why might / do f  Not feasible to locate generation at every site which 1 aiaYlFIdiOK 060SGsSSy (GAvYSa 27
mismatchesoccur? consumes electricity. energy consumption patterns

1 Economies of scale in building larger generators of so
technologies.
9 Locational constraints in siting of some generators

Existing solutions 1 Distributionnetworks,Transmission networks, 1 Schedulablgeneratorswith a fuel store(primarilygas,
current providers Interconnectors previously coal)

Mechanismfor 9 [STid ai2 GKS YIFNJSdé& F2N ' Wholesale price (overhalf-hourly Settlement Periodsind
avoidance / locate. potentially imbalance prices

management of 1 Some signalen locationvia generator TNUOS tariffs (fo 1 ESO Balancing Actians

mismatches TG) and connection charges (for DG) 1 Some signals from DUoS tariffs (for DG and demgnds

subject to tariffs).
1 In some locationsweak TNUoS signals (for large demand

andDG.
1 Capacity Market for times of generation inadequacy.
Why are 9 Significant constraints on location of many renewables 1 Inflexibility of many lowcarbon generators
mismatches 1 Mass availability of smaller renewable generatofs 0 Weatherdependent renewableg output onlywhen
becoming greater (largely wind and PV) connecting@istribution weather is suitable / during dayligihtollowing rain
problem with Networks 0 Nuclear stationg constant output(currentGBfleet).

decarbonisation &
new technologie®

New & proposed
solutions providers
& mechanisms

Flexible / schedulable generators and demands, including storage providers

Network reinforcementTransmission and / or Distributiqand additional interconnectors)
Additional / greater volumes dfexibility/ balancingservices.

Market mechanisms considered undREMA [24].

= =4 =4 =2

3 Review of Electricity Market Arrangements, undertaken by the UK Government



1.1.2. Flexibility definition, types, aims, and sourcgs
Flexibility can involve a shift in electrical demairdgenerationin time, or potentially, in

location.

Temporalflexibility

The electricity system requires thatmggration and demands are exactly in balance on a

secondby-second basisThe GB power system was powered largely by fossil fuel and other

despatchable power stations, stations whict2 dzf R ¢ ¥t SE¢ G KSANJ 2dzi Lddzii & dz
to patterns of demands, over timescales of minutes to hoarsl with their fuel stocks

allowingplanning and scheduling over days, weeks and mantslecarbonised system will

have far fewer such stationsMany larger renewable generatozanand do respond to ESO

instructions to reduce output, within seconds mminutes,but it is normally uneconomic to run

them in conditions in which thegould increase outputFurthermore,such generators cannot

deliver at times of low resource, such as low wiptblonged dry weathemr at night.

The current fleet of UK nuclear power stations operates at constant output, by design,

LINE A RAY 3 & oGBaestficRylsyRtenj26].2 Somdailear stationf different
designscan provide a degree of flexibility in output, in response to varying demands or outputs
from renewable generation, as is common practice in the French nucleat &t However,

such operation would be very unattractive for a private nuclear station owner, primarily
because of reduced income from electricity sales, with no reduction in operational [@6§ts

as the bulk of the costs are in the station constructidunlike the turning down of wind
ISYSNY 2NARX &aO02NB NI Y LIAsiyaificanepBnniigizdd iSfurthér a G+ GA 2y a
limited towards the end of a fuel cyd27]. Furthermore, temperature cycling associated with
varying core temperature and station output would tend to shorten the lifetime of the reactor
and / or fuet, entailing further economic co$25], [26] Some in the industry suggest a future
fleet of Small Modular Nuclear Reactors, if built, could operate more flej@Bly However,

the main avenue under consideration to achieve a more flexible future fleet of nuclear power
stations, large or small, is the diversion of their output heat or electricity into another
application, such as a nearby industrial process, enemwage facility, or an energy

demanding activity such as hydrogen electrolysis or seawater desalination, at times of low

‘RSRAzOG A2y a Ay 2dzilddzi I NB | OKASOPSR o6& aO2NB NI YLIAy 3¢
reduce the rate of fission and thus thermal outd@26].

5 Core ramping with control rods can also lead to the buitdof undesirable isotopes in the reactor,

potentially limiting ongoing ramp ratg26].



demand from the electricity systefi25], [28] In essence, any flexibility of future nuclear
stations will probably be most economically provided bylacated energy demands, rather

than the stations themselves.

Thus, other sources dexibility, i.e.the ability to increase or decrease generation or
consumption, are neededFurthermore, with increased penetration of inverteonnected
generation¢ which encompasses most renewablggduced system inertia has increased the

speed at which some system services need to be delivé26

A greater degree of temporal flexibility of electricity system users could ajieatestuse of
low-cost and lowcarbon generation, when it is available, and redtioe total capacity of

generation needed to provide adequate security of supply at times of low renewable output.

Spatial

The existenceof a National Grid allows users of electricity to access outputs from generators
near and far, which enables very high levels of security of supply, and accEsaeémf the
lowestcost generatioravailable (subsidies to some technologies and generators
notwithstanding). However, such a system comes at a cost of building and maintaining
Distribution and Transmission network infrastructuwdgth the GBsystenf2 @interconnectors

enabling further electricity transport between countries

With anincreasingproportion of generation being built at the ex@mities of the electricity
system, particulag wind in Scotlandand offshore then additionatransmissiongrid is needed
to bring such electricity to marketSmaller generators, especially solar PV and smaller wind
generators, connect to Distribution networks thatre not designed fosuch use, and which

in many areas lack capacity for desired connections.

A greater degree dlexibility in location of some electricity system usemuld reduce the
capacity of additionagjrid to be builtin some places, allow defermeaf somenetwork

reinforcemens.

1.2.Research gquestions
This thesis seeks to explore the value of flexibility to the GB @igtnetwork: it is expected
that at least some of these findings will be relevant to other power systems, on a similar

decarbonisation journey, and with similar characterist€regulation and generation mix.



1.2.1. Overarching research question
Will installing, deploying and enabling suitable types and capacitiegtdéxibility ¢ enable

ddecarbonisationt i f 2¢%ald Oz2adlé

'Y D2@SNYYSyilQa UpgRdingdudeerg) systewdS SdRrNsistens and

flexibility plaré[30] in July 2017, following a Call for Evidence on a smart flexible energy system

the previous yeaf23]. The 2017 reporstated theneedf 2 NJ a1 Y2NB Ff SikAoft S Sy
the lightof new technologies, more lowarbongenreration, and more distributed resources

The consultation authorstatedsuch flexibility would bring significant benefits for consumers,

the system and the wider economy.

5S8LX 28YS8Syid 2NIAyaillftriArzy 2F a2zm@Sa 2F aFf SEAX
significant expenditure £17-40 billionfrom 2017 to2050 - for the GBelectricity systenas a

whole, according td&JK Governmentand Ofgemcommissioned work by the Carbon Trust and

Imperial Colleg¢31]. Projected savingsould arise mainlyrom avoided OPEXfuel and

carbon costg; and avoided CAPEX from avoided capacity of generatidravoided

distribution network reinforcement The workdund thatdeployment of flexibility would incur

CAPEX costs mfiplementingd 5 SY{a YRS NBalLRyasSé yR aid2N}r3IS azf

costswould beoutweighed by overaltostsavings.

Other GBspecific reports on the benefits @iexibilityA y Of dzZRS h F3ISYQa wHamp LI2a&A
[32] and a report by trade assotians Energy UK, the Association for Decentralised Energy
andBEAMAS33]. Academic sources citing the value of flexibility to electricity networks in

general includd34], [35]

Thisoverarching researchuestion is too big for a single PhD, so this work focuses on some
subsets of this question: storage, one very clear source of flexilshiyrt duration batteries

This type of technology iselected with the following justifications:

1 Short duration batteries aren principle, ideallguited to addressing problems of
temporal mismatctbetween generation and demand, as highlightedablel.
Energy storageby definition,can be regarded asway of dmoving energy in time

9 Batteries, along with other types of energy storagen act as both schedulable
generators and also as schedulable demarifisus, the study aftorageassets could
also give insight intpossiblebehaviour of other types of flexible generators or

demands and their potential impacts on the wider electricity system.



1 Short duration batteries areurrently highlyrelevant With deployment of batteries
increasing from around zero in 2016 to over 3 GW by 288B and over 80 GW of
proposed battery projects agreed by network owng3g]¢[43], a better
understanding of their likely impacts ondl&B electricity system is importanthe
majority of theseGBdeployedbatteries arelithium-basedandoperate forshort
duration, i.e. havinghe ability to operate at full power for no more than 4 hou4gl],
a finding which the IEA reports is also occurring world®jid8.

1 While clearlybatteriesand other storage assets cannot addrebke locational
mismatch between generation and demands, relief of temporal mismatch could
potentiallyreduce the capacity of networKslistribution, transmission and
interconnectorsheededto address such locational mismatch€Bhismatter
discussed in Chapt&).

9 Batteriesalso have the advantage that they can be built in locations coumitg,
unlikesome other storage technologies, suchpasnped hydp storage(PHS)the only
other type of electricity system storage currently operational at scale i) @tch

requires suitable geography

Even narrowing of scope shortduration batteriesis too wide a field, as batteries can deliver
on a wide range of ancillary services and to engage in other activities, both asadteredand
behindthe meter or celocated with generators, all of which can effect on multiple aspects of
system operatiorand behaviour. Thus, the scope of this study is to concentrateetwork
congestionat both transmission and distribution level, as technology developments, falling
costs, and the need to decarbonise leacreased the challenges of mismatches between
generation and demands in both time and spa€gurel illustrates schematically where this

guestion fits within wider matter of flexibility on the GB electrical power network.

®ThelEArepod5] t a2 adrkiSa GKIG (K2dzaK Ff2¢ @uldidSNASa 2 LISN
emerge as a breakthrough technolofgy stationary storageé
7 Other than energy stores using other energy vectors, such as storage facilities for natural gas
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Figurel Scope of study of this thesis

1.2.2. Research questiorend thesis overview

Following the narrowing of the scope of main studyistthesis considers several questions:
Q1:What kinds of behaviours are foreseeable from short duration batteries?

Q2:Are expected behaviours of sheduration batteries likely to alleviate or exacerbate

network congestion and system needs?

Q3:lsalarge-scale roltout of batteries likely to facilitate or obstruct deployment of
NBySgtrofS k £2¢ OFNb2y 3IASYSNIXrGA2y> yR (KS

w»
~h

(s}
~.

Q4:1f there are any negative consequences of battery deployment, what mitigation

measures might be appropriate?

In Q1 and Q2hetermd& 6 S K| @A 2 difdeEndgnitided, glgations, timings and
frequencies of energflows from the network to the batterg i S NIY SR dandehd2gidi & ¢ X
Ft264 FNRBY (GKS ol (0 Sexportsii® (&K.SS K1S@ANM2 MBI S (ISINYS RNE



presenceor absenceof any recurring patterng these energymports and exportsand

circumstances in which thesmergy flows occur

LY VvHI éxpebteddi SRIVG X2 dzeddmpleydiredibieactions which a
economically rationabattery, in GB could feasibly undertake. In GB, batteries are generally
privately owned, rather than owned by network owners or the system operator, a distinction
further explored in the following chapter Beingn private ownershipthis thesis assumes the

battery ownerswill take economicallyrational decisionsjn order toseek tomaximie revenue

from available activities and marketsThe terma S 02 y 2 YA OF f £ & al$ddagsumasy | f

that batteriescanengage in the most profitable actions available, and their actions are not
limited by lack of access to information (e.g. prices of services or wholesale paites),
barriers to liquidity in markets they may wish to engageoimanyoperational or other reasons
that may limit their activitiesfor exampleto preserve asset health or comply with warranty

conditions
These research questiomanbe summarised more informally as:

dwhat would a battery(in GBXo, how would it affect electricity networkand is any further

action needed to achieve overall system beféfit

In this thesisChapter2 reviews literature on how storage assets can provide system services,

and the extent to which they might reduce the need for network reinforcement.

Some of the main options for sheduration batteries to engage in financially vielactivities

are discussed ihapter3.

Chapter4 describes the methodology for simulating the overall net revenue a battery may

accrue from engaging in wholesale trades that is used in this thesis.

Chapters 5 and 6se this battery simulation method to investigate Q2 and Q3. Chdpter
investigates the effect of likely battery behaviour on transmission network congestion
between Scotlandand Englanénd Wales Chaptei6is a similar study, using selected case

study locations on distribution networks, in southern Scotland.

Chapters 7 and 8 use a variant of the battery simulation to investigat€Qepter7
investigates one possible approach for Q4: the question on mitigation for any negative
consequences of battery deployment. This chapter investigates the financial effect for the

battery owner of its connection with a neiirm connection, in which batterimports and

ol

l.j

l.:.l



exports are limited to available network capacity at the time. This chapter seeks to

understand whether such an arrangement could be financially viable for a battery owner.

Building on the work of Chapt&t Chaptel8 investigates how costs of battery curtailment, in a

GY FVMNYE O2yySOGAz2y AO0SYINA2I g2dzx R O2YLI NB gAd
same case study locations as investigated previously. This chapter discusses where and for

what range of battergizes curtailment of batteries would be a lowarst solution than a

battery-triggered network reinforcement, while acknowledging that different costs are borne

by different parties.
Chapter9 concludes this thesis.

This thesis is set entirely within the power system of Great Britain. Howeaary of the
findingsarelikely to berelevant to otherunbundledelectrical power systemgith high
penetrations of weathedependent renewables (especially with significant wiatly similar

point in the journey to decarbonisation

1.3.Contributions

1.3.1. Contributions directly associated with this work

The following two conference papers arose from this thesis

T {® . NHZAKE D® | I g1 SNE -dorfirtedvageas. ofnetdvork: W. | GG SNR S
az2fdziAz2zy 2N LINR Ot SY Renéwabhe®awneriGerefatiodnd S & (i dzR& Q.
Future Power Systems Conference 2023 (RPG 202302K) vol. 2023, pp. 14449
[46]

9 SQusanBrush, GaemeHawker,and &th. Sf f & WLYLJI OG 2F o6l GGSNRSAC
RAZGNRAOGdzIAZ2Y ySihGe2N] O2y 3 SHMntengtivnall DNBF G . NJ
Universities Power Engineering Conference (URPBEA[47]

Both of these papers were peer reviewethe peer review process resulted in significant

amendment of he second of theepapers.

1.3.2. Other contributions

During this work, Susaauthored / ccauthored the following reports:

1 UKERC response J&NSSI Inquiry: Critical national infrastructure and climate

adaptation[48]

10



1 Operating a Zero Carbon GB Power System in 2025: Frequency and Fault{@2jsrent
of which Susarwas first author of the sutNJS LIMbiKet Neeeds [50]
1 Energy Technologies for Net Zero. An IET G{sdé

Out of the latter workarosea journal paperto whichSusarcontributed:

1 Which way to net zero? A comparative analysis of seven UK 2050 decarbonisation

pathways[52]

These earlier works provided valuable background knowledge on which to base the research of

this thesis.

11



2. Chapter 2  Overviewof reported effectsof storage on

St SOUNROIEt ySUs2N]l aQ 2LISNI GA2Z2Y

Chapter summary

This chapter seeks to summarise the current understanding of the effiectsfferent
jurisdictions and conditionghat batteries and other types of storage can have on electrical
networks with a particular focus on thability of storageto deferor avoidthe need for
network reinforcement. This is important backgrourkhowledge on which to base work to

addresshe research questiongosedin the previous chapter.

Batteries and other types of storage assets have many characteristics which can enable them
to provide a variety of services to electrical power systems, over timeframes ranging frem sub
cycle to months and years. Many such services will be needed inbadedsing electricity

systems to help manage inherent variability of weatklependent renewable resources, as

well as to provide some essential ancillary services.

There is a great deal of research interest in the value that energy storage systems can bring to
electricity systems, on scales ranging from a couple of kW and kWh to large transrsissien
facilities. Greatest system cost savings are generally achtbvedgh increased penetration

of low-marginal cost renewable energy which allows reduced use of expensive and
environmentallydamaging fossil fuelled power generation, and, in a low carbon future, use of
expensive fuels and / or CCS. Storage could alsiiloute to system adequacy, thus reducing
the necessary installed capacity of despatchable plant. However there is also potential for
storage to reduce or defer network reinforcements, and to enable greater use of more distant
renewables, which in someases is found to be financially beneficial. A number of results, and
real experience in one network jurisdiction, find battery energy storage complements solar PV
generation very effectively; however other studies found batteries a have more limitedt effe

in reducing curtailment of wind generation because of mismatches in the duration ofshort
duration batteries currently deployed, and common durations of high wind eve®dstion
2.2summarisedliterature with the common assumption thatorage would be owned by, or
despatched for, the benefit of the network or system operatmanystudiesdisregard

inherent uncertainties in modelling energy generation and demandsontrast, sectior2.3

describes sveral studiesvhichfind that storage assets operate differently when dedicated to

12



system benefit, than if they were to maximise their own incomes through arbitrage, or enable

lowest cost or best value for emwned onsite renewable generation and / or demand. Finally,

the GB regulators have recently changed their approaches in hoagaassets would be

Y2RSt SR Ay FGGSYLIG G2 T OAft whatwiul a Bakteiyi SNI O2 y y ¢

do, and how would it affect electricity networkés? A ¥ O2yy SOGSR Ay . NRAUGIAYS

answered in the preceding literature, and is the subject of this thesis.

2.1.0verview of storage activity in electrical networks
Though the scope of this PhDsisortduration batteriesit is useful to review these and their
effects on electricity networks in the context of the broader topic of services which energy

storage assets in general can provide to grids.

Many authors describe energy storage as an enabler for greatesubbf renewable energy
into electrical power systems, and also to support more active distribution networks.
Reviewing storage technologies including mechanical, electromagnetic, elkretrocal,
gravitational and synthetic fuels (e.g. hydrogdbB]c[58] describe various roles storage
devices can have for electrical power systems, of wfbdh, [56], [58], [59Fefer to a UK or GB

context.

Storage devices can provide services at timescales ranging from milliseconds (within a cycle of
the electrical waveform) to support power quality, potentially up to weeks or longer for
seasonal energy stora§eand can support power system operation and its users under both

normal and contingency conditions. These uses are summarised beliguire2.

8156] statedAat time of writing (2015) that in Ehe absencg of ciommefcialised energy storage technologies
F2NJ aSlhazyrt ad2Nr3S GAYSaOltSa GAG2NRAY 3 F2aaArft Fdz
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Mature/commercialized EES tech. Demo/developing EES tech.
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Figure2 Electrical energy storage technologies with challenges to the UK energy systems. Reproducggbfrom

All reviews describe storage deployment as an enabler for greater integration of variable
output renewable generation, by offering services traditionally provided by conventionalfossil
fuel plant, and by mitigating some of the challenges of variable raiésvgeneration to grids

and system operators[53], [57]also refer to creation of a peadutput profile suitable for

demand from inflexible baseload (nuclear) stations.

PLILIE AOFGA2ya F2NJ AG2NF 3S Ay (KBKXXGAnIS&ziaft KR B2
f SOStt A REPDAGHSE | LISNF2NYSR o6& o6F GGSNASAS LlzYLISFE
storage devices, with potential for also flow batteries and thermal enstgsage to provide

such functions. Interestingl{54], [55], [58]refer to energy arbitrage (wholesale trades) as a

service that storage devices could offer, a topic area which is revisited in more detail in the

following chapters of this thesis.

Particularly relevant to this study are applications of storage to reduce congestion on electrical
power networks, and the need for their reinforcemerit3]¢[56] refer to relief of transmission
congestiorand / ordeferral of transmission network upgrads a service, witfb5] also listing
distribution network deferral as a benefit storage can bring to netwofk8] refers generally

i 2netdork upgrade investment deferral or avoidaacE A y @tatmBtwoykZonstraint
managementservicées | a | LR OGSYGAlIf o0SySTAGE | y2B3Aa

¢
(V)]
Q¢
O«
4

The following sections of this chapter review literature on the specific question of whether

14



storage deployment can reduce system costs by avoiding or deferring the need to reinforce
electricity networks, particularly in the context of energy transition requiring additional

renewables.

In some ways, the division of services which storage assets could provide is a little artificial, in
that several are different ways of viewing the same matter. For example, a storage asset
3dz00Sa & Fdzf f peaklsIadf2 NEAIST 21F NRE S Y &Zongesfiona2 R2AY.
reliefto the network and so mawvoid the need for a network reinforcemehere. In the

case of inflexible generation (solar PV and wind) causing generatioen peaks which do not
O2AYOARS g AlGK peddmtiohpedkShating Ra SNBYOSal ad2NI 3S | &

N\\s

provide would be likely tenablegreater use of the renewable resouyeéth financial benefits

to the generator owner, and it is likely, financial and environmental benefits to the wider

system and all users, by reduced reliance on conventional generators. Enlarged demand peaks
may arise from theslectrification of heat and / or transpqrso any successful storage

deployment to address such increased demand flows could enable greater penetration of
demard electrification technologies. Furthermore, where peak network flows are demand
RNAGSYS YR NRAS | 020RMQOK®IYB DaFRLE QA KEFO dzZNIR Sdi S«
reliability of supplyvould be expected, a problem which, again, a storage asset may alleviate.

Even understanding that these different network services do overlap with each other, the

sections below utilise the different named network services, according to the emphases of the
d0dzRASEaADP ¢KS OKFLIISNI 60St2¢ | fadghtas®rageNI §S& NB DA S
RSRAOIGSR (G2 aSNWAy3I GKS St SOGNANOAGE aeadsSye 7
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assets may have different motivations and thus exhibit different behaviour.

2.2.Sorage dedicated to serving the electricity system
The papers in this section assume that a storage asset would be deployed in order to assist the
electricity network or wider system, such as by relieving network constramtsst of these
LI LISNBR adGFaS 2N AYLIX e GKIFIG GKS aid2N)r3S FaasSidaq
system operatora smaller numbee.g.[60], [61]raise the possibility of third party ownership,
but within a scenario in which the battery is under contract to deliver specific services, or that
the battery owners agree for the battery to be remotely controlled, e.g. by a DN(@re is a

short discussion on methodol@gsfollowing the individual paper review subsectior?.2.4
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This section splits reviews by teealeof proposed battery (or other storage) projects. Section
2.2.1describes smaller scale storage projects connected to lower voltage levels of distribution
networks; Sectior2.2.2considers larger projects, of a scale to be connected to or to serve
higher voltage levels of distribution networks and transmission networks. This distinction is
made because of some generic differences in technologies (potentially both generation and

storage), and in potential services or benefits the storage assets could deliver.

2.2.1. Small scale storage: LV / MV / HV networks
This section describesnaller scalgrojects, of a scale to be located within homes, small
commercial demand user sites, or gadale batteries of a scale to support lowealtage levels
of distribution networks (LV anidV in GB systerp to a nominal voltage of 22 H@2], there
0SAYy 3 y2 aa+ tPoweeflows kal Be mors ddsHasiichat the lowest voltage levels
of network, there being fewer connected customers, and thus ¢éske diversification which
G6SyRa (G2 aavz220K 2dzi¢ adfradplade fo placé. EThus, Argusidly? ¢ &
the lowestvoltage networks are the most challenging to mangf®. In all cases, the storage

assets are batteries.

2.2.1.1. Reduction of maximum network flows: peak shaving, time shifting and
/ or load levelling
A number of studies investigate the effect of small batteries, for use in residential properties,
or to support LV or MV networks, using storage for a few hours a day for peak shaving at times
of maximum demands, or potentially maximum PV generation. sfindies used generic or

actual load profiles, and calculate storage sized to avoid thermal overloads or voltage

2SN
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Pimm et a[64] in 2018 investigate the potential for batteries in homes to perform peak

shaving for LV distribution networks, using typical houses in Birmingham, England, as case
studies, using the CREST mdéél to simulate residential demands. The authors state

potential system benefits and cost reductions of peak shaving arising from reduced peak
generation capacity and associated peak plant emissions, and deferred distribution
reinforcement, particularly wittexpected future load growth from electrified transport and
heating. The work found that 2kWh of battery storage per house could reduce solar PV export
peak flows at LV substations by 50%, and that 3kWh per household could keep demand peaks

to current leels following electrification of space and water heating with heat pumps. The
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study concludes that batteries sited in homes could significantly reduce peak flows on LV
networks and substations and potentially also at higher voltage levels, if batteries are suitably
incentivised or coordinated to do so. The authors acknowledgedhett incentives or

coordination mechanisms did not exist at the time of writing.

In a piece of work on a distribution network in NW England in 2[Bf, Johnson, Mayfield

and Beck also explore the use of distributed battery storage to avoid LV reinforcements, in a

context of outputs from rooftop PV causing voltage rises, potentially in violation of network

limits. A central coordinator uses a linear gramming OPF to control battery energy storage

dzyAGa t20F0SR Ga0SKAYR (GKS YSGSNE 2F NBAARSYOALl f
through use of orsite solar PV, o JNK OS aSO2y2Yeée 71¢ yAIKG GAYS GF N
include constraints ofanges of voltage, power flows, power factor and line losses within the

feeders, and takes into account expected battery degradation rates; a conservative estimation

2F t+ 2dziLJdzi 61 & dzaSR (2 I { 2Bestch®NJ f d2y0d SINURIyAdy (il &y
sizes of batteries were computed, using a mphriod mixed integer linear programming

approach, aiming to minimise the cost of installation of batteries and inverters, costs which

were later compared with traditional network reinforcementThe stdy presumes the

batteries are either owned and operated by the DNO, or by a third party on behalf of the DNO.

However, the work found that in all studied cases, traditional reinforcements could be carried

out at lower cost than installation and operatiaf battery energy storage, even allowing for

the benefit of reduced residential electricity bills. The authors suggest, however, that other

scenarios, including longer feeders in rural areas, and deployment-sbaice heat pumps,

would be worth furtherstudy, both scenarios being more prone to voltage violations than the

scenarios studied, to see whether battery deployment may be a moreaftesttive solution

than network reinforcement in these other caseBresumably a significant fall in capital costs

of battery storage would also cause deployment of batteries to be more financially favourable.

In [67], Samper Vargas and Flores study a real congested section of MV / LV distribution

network in Argentina, with high penetration of rooftop solar PV, and in which projected

increases in both demand and solar PV export flows were expected to exceed netwitgknlim

the coming years. Taking into account costs of network constraints limiting generation and

demands at times of peak flows (costs of energy not served, curtailed PV generation and

voltage violations in excess of 0.08rpunit), the work comparescisda 2 F ay2 | OGA2Yyé X
GONF RAGAZ2YLEFE NBAYF2NOSYSy (¢ yR aol GGSNB aid2NI:
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annual demand growth of 4%, the study found that cost of losses would escalate over the

O2YAyYy3a RSOFIRS dzyRSNJ I ay2 | OlAz2zyé aoOSyl NRAR2XZ
GNF yaF2NYSNI i @8SIENI WS YR Gg2 fAQgBR2y4dodesSt

Regarding storage as an alternative to reinforcement, the authors considered several types of
battery, selected leadcid, and proposed battery installation at seven selected sites as an
alternative to the transformer upgrade anéinforcements otwo lines Net Present Value

(NPV) of costs after 5 years were slightly better than those of traditional reinforcement, and
projected NPVs of the two alternative interventions after ten years were the same. A further
scenario of initial installation of batterieand later reinforcements (all in year 6), yielded the
best financial results, even with sensitivities of differing rates of demand increase. However,
this result was sensitive to major increases in costs of batteriesreases up to 50% were
considered potentially arising from future Argentinian currency devaluation. The major
difference of this piece of work from a UK situation is indeed the financial environment: this
study used an annual financial discount rate of 15%; in the UK, thghtéei Average Cost of
Capital for distribution network companies was just under 4% p.a. during the ED2 price control
period[68]. Thus, deferral of reinforcement here in Britain would have a much smaller

financial benefit than in Argentina.

Fidalgo, Couto and Fougndlescribe a study of an active distribution network, initially in a

single line test model, based on a mainline and substation in Vila Robin, in Portugal, and later
in a model of a medium voltage network based on part of the city of Bologna, 1t&bg]in
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plans to also include energy storage were not pursued, though the usinef flexible
resources makes this paper relevant. The modelling was over a 20 year period, and assumed
growths in loads which wouldpproach or pass the maximum loading of network components

e.g. cablesat some point. The authors describe the contexhe network rules oblige the

ySig2N] 26ySNI G2 daJANI RS +y Faasdi 2y0S LS

OF LI OAGex | aAdGdzr A2y GKS | dzé RoReMEthodBS F S NI {2
investigated whethethe ¥ f SEA 6t S NX&a2dzNDODS&a O2dzZ R 68 dzA SR
reinforcement, and whether such actions would save money: howeverfthayd, in contrast

to other studies, that deferral of network reinforcement was not the overall lowest cost

option. Their analyses included cosfsenergy losses, costs which were significant and which
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A0Syl NA2az O2aida 2F akKATOGAYy3I RSYFYR YR 9+ davl
I dzi K2NB F2dzy R GKIFdG Fy a2LIWGAYEFE dzLJANF RSé3X 02y Rdz
fft26SR t26SNJ 208SNItt O2altax Ay oOPhédfectioh YI NI I NJ
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A Spanish study into the potential for batteries to avoid or defer MV distribution network
NEBAYF2NOSYSyidz o0& aLISI] akKl @A ya.éUsikgrefekdhB 3 Sy 1 SR ¢
network models, with input parameters corresponding to rural and urban areas, the research
Y2RStfa (GKS ySGg2N] =z dzaAy3d adlyRFNR f2FR FyR 3Sy
the battery is despatched to discharge at timegefk demand, and to charge at times of

lowest demands. This scenario is costed and compared with an alternative scenario of

network reinforcement. The work found that at current costs of batteries, network

reinforcement would be a lowecost action, buthat future falls in battery prices, or

extensions in their service lives, could make storage more attractive. The same team

conducted a later study[/1], again assuming batteries are operated by or for the benefit of

the DNO to reduce voltage or thermal violations, at a-b08 piece of network with expected

load growth. The study uses a genetic algorithm to compare different battery storage

alternatives and DNO must choose a reinforcement decision in the event of violations. The

work found some cases where battery storage was an economical alternative to network

reinforcement, but generally traditional reinforcement was a lower cost option. They stated

the economics for battery installation may be more favourable to batteries if they are allowed

to engage in other revenue streams.

In [72], Brukeek and Korgs study a small remote Norwegian section of distribution network
which supplies cabins used for holidays, and in which voltage violations at times of highest
demands would require network reinforcement or another solution. The study used a
backwardforward sweep algorithm to study load flows and to compare line reinforcement
with an proposed alternative of battery installation. The work found that either reinforcement
or installation of a suitabkgized battery could address the voltageblem. In the main case
study, line reinforcement would be 77% cheaper than a battery solution, though the battery
would be the cheaper option under some sensitivities requiring smaller battery: a shorter line
causing lower voltage drops, or reduced gdaad because of connection to a smaller number
of cabins. The battery model here uses only voltage to trigger instructions to charge or

discharge, and has a surprisingly high rodrig efficiency of 95%; the battery sizing
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requirements require 10kW and 65 kWh, which is a longer duration than is usual for lithium
ion batteries. The study neglects battery degradation or potential effects of temperature on
its performance, and suggests many areas for further work. Thoughyadamall study, its
FAYRAYy3Ia FNB Ay fAYS gAGK 20KSNEQO®

bell YL Sid +f RSAONROGS GKS LROISYdArf F2NJ ol G0SNE
area of the town Westnetz, Germany, for a limited period of timg/Bi. Peak flows in part of

GKS G26yQa ySie2N] a2YSGAYSa oNBFOK ySie2N] A
reinforcement. However, wider reinforcement work was planned in Westnetz, which would

leave any local reinforcement as a stranded asset. The stuglyests that a temporary

battery unit could be used for a year to control network flows and avoid violations, pending

wider reinforcement, after which the battery could be relocated. The paper states DNOs are

incentivised to reduce OPEX expenses, whithird party flexibility service would be, and that

classification of the battery as a CAPEX grid investment may be more attractive option to the

DNO. However, electricity system unbundling regulations would prohibit a@iN@d

battery from engaging iother activities such as balancing services, though such activities may

be an overall best use of the asset. Overall, this paper is an interesting case of potential

battery use as an alternative to a shaetrm reinforcement, and some of the relevant

reguatory factors.

These papers, describing studies in GB, several other European countries and one from South
America, give examples of situations where installation of a suitably controlled or incentivised
battery can reduce projected rises in maximum power flows in tistion networks. In all

cases, whether peak flows were caused by increases in demands or PV generation, battery
installation could avoid or delay network reinforcement, though the findings regarding
financial competitiveness of a battery installation, quened to traditional reinforcement,

were very mixed. Factors favouring battery installation to be lower cost include a lower capital
cost of battery and a higher cost of network reinforcement; a higher financial discount rate
also favours deferral of netwrk reinforcement. The scope of the study is also important, for
example, few studies include the cost of energy losses, which would strengthen the case for
reinforcement, and some circumstances, such as a temporary need for increased network

capacity, waild tend to favour temporary battery deployment.
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2.2.1.2. Enabling electrification of heat and transport
Most decarbonisation pathways for the UK require significant electrification of heating and
(N} yAaLR NS (G2 NBRAZOS (KSas a8 THEBtod dzNNB v i
describes hovthe use of batteries could help enable existing distribution networks cope with

the additional demandshat these sectoral shifts are expected bring.

Mohamed et al studied a 58ode distribution feeder in Northern Ireland, in which a simulated
uptake of heat pumps and EVs was projected to cause voltage violations during ejédings
The researchers use several swamapired optimisation algorithms to compute suitable sizing
and siting of battery energy storage. The modelled network behaviour with storage avoided
violations, and is a suggested tool for network planners, to prefiaran expected takeip of

Low Carbon Technologies, and the demands it is likely to place on distribution networks.

Steinbach and Blaschi&l] examined the potential for hontocated batteries, together with

RSL
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electrification of transport. Studying rural, suburban and urban case study sections of network,
flows were simulated using load profile data supplemented by calculated PV, EV charging, and
battery flows, where the batteries are instructed to charge whenever PV generation exceeds
consumption, and to discharge whenever consumption exceeds PV genesaltiengver the
oFrGiaSNEQa {GFLGS 2F /KIFEINBS Ffft2gao CKS 62NJ
distribution peak flows and allow greater EV penetration before additional loads would trigger
reinforcement, and recommends government action to féadiéi household PV and battery

installation.

Also in Germany, Held et @5] investigate the use of battery as a temporary measure to avoid
feeder overloads, caused by fEWarging, pending network reinforcement, a process expected
to take several monthsThis study described both simulation and small site trials on LV
networks where a combination of residential demands and EV charging would cause power
flow or voltage violations of an LV feeder. The study found that installation of a battery could
indeed avoid many ofhe violation events, though performance was better in simiglas than

in real site trials, for reasons including a timing offset, some battery malfunctions, and

occasions of battery capacity limit.

Janssen et 4¥6] describe increasing network congestimnthe Netherlands, largely driven by
an EV rofbut, with P\fgeneration causing congestion in their selected case study network.

They suggest the use ofRelocatableEnergy Storage System (RESS), probably a fleet of EVs
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dedicated to this purpose, which could be movedguick response to congesti@mising

within the test network The authors propose a method to optimally locate and move the
RESS. This initial study yielded promising results: fewer mobile energy storage units would be
needed, compared to stationary storage units, to provide adequate congestion relief in the
network of study. The study does not suggest that such action might replace congestion in
electricity networks with congestion on road networksptigh it recommends further study to

consider traffic and other issues.

Though comparing different forms of flexibility, and their effectiveness andefbsttiveness

is out of scope of this thesis, one reference of particular interest is mentioned here, as being

NEt SOyl (G2 GKS a2 @SNI NOKA y B RiNGRIigeSat usd0K  |j dzS& G A 2 y ¢
GaSOPHNI Ay3ITé Y2RSE HKAOK NBLINBaSyiSR 620K GKS
residential heating demands across their country, Switzer[@5¢ Te model incorporates

020K &SOi02 NA QeleBriy bygt&n chastiaifitdnt Seéks to minimise total costs

across both systems. The authors investigated the effect of adiififegent forms of flexibility
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found that widespread use of electric boilers for residential water heating, combined with a
hot water tank, provided considerable flexibility to the electrical power system, especially
when heating times could be optimised according to grid cioials. A heat pump rofbut

would enable greater selfonsumption of home PV output, but would increase the need for
electrical storage on the grid in some scenarios, depending cloubliate, whether such

heating system changes would be accompaniedaipfit to reduce overall heating needs.
Demandside response of wet appliances was found to have a relatively small effect on the
INARQ&a YySSR T2N St SOGNRK ff betwdedh 2adacify Sf@lectridaK S ¢ 2 N 1
storage, and capacity of digoution networks the optimisation model considered 5 scenarios
of distribution network capacity (from 95% to 115% of the current state), and found that the
storage capacity required to avoid modelling constraints varied strongly in inverse correlation
to DN capacity This work describes a number of interactions between different forms of
flexibility and lowcarbon technologies. While appropriate or besise solutions may differ
between Britain and Switzerland, this studies generic findiist the projected neds of

any single form of flexibility are likely to mMghly scenarialependentc are considered likely

to apply widely.

22



Altogether, the abové papes, from Northern Ireland, Gerany, Switzeland and the

Netherlands describe the potential for batterieg 2 cases together wit PV, to support

distribution networks in the context otlectrification d heat and / or transport demands.

While results were/ 2 G | £ ¢ | & ég. SimMwIStNGFFr&OtE differing from those from field

trials, they provide useful insight into the strength, or otherwise, of economic arguments for

the installation of batteries, and on how scenad8 LISY RSy & | af 2¢6Said O02aidé¢ R
regarding use and sizing of batteries, or alternative interventions, would be. These papers

provide tools for network planners, and policy advice for governments.

2.2.1.3. Reliability improvement
This section describes studies in which a battery, alone or together with another technology,
Oy RSftADBSNI aNBtAlFoAtAGEe AYLINRGSYSyidé¢ G2 St SOaGN
papers, the authors explore how to assess battery deployment, asemaitive to other
interventions, under circumstances in which a DNO would normally be required to reinforce or
take other action, to maintain required level of security of supply (as set out, for example, in
[77]). The context is similar to those of SectbB.1.T= A ®Sd & SEBOK IAGAIY 3¢ alLaSlIy 2 1
service, but viewed from the angle of reliability metrics. The third paper suggests the use of

mobile storage to deploy to areas affected by faults, to enable faster restoration of power.

Greenwood et al investigated the possibility of batteries improving network reliability, by

GLISI 1 &KLl @A y-Hased stdy78].I This stuslyyinveBtigates whether battery

storage, in combination with real time thermal ratings (RTTRS), could defer reinforcement of a

section of distribution network whose reinforcement would be triggered by peak demand

flows. On some days such flowsuld exceed static line ratings for 3 hours in early evenings,

a problem which expected demand growth would exacerbate. The authors use probabilistic

methods to compute Expected Energy Not Supplied(EENS) metrics, at different seasons, using
historical iformation about network reliability and demands. Calculations were repeated

using both static line ratings and RTTRs based on weather information, and with a variously

sized battery to support supply of demand if needed. The study found that batterggsor
023SUKSNJ g6AGK weewa O2dzf R AYRSSR YIAYy(dlFAy NBfAL
fSFad mn @SENReéX Fft2gAy3a RSTFSN¥SYyid 2F NBAYyT2NI
together with storage would require less cycling from the battergljiko extend its service

life, or alternatively free up the battery to perform other activities such as ancillary services

provision at times. The work does not consider network limits as being a constraint to such
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activities. Regarding battery sizing, this work cites results from a real site triah ¥ahuind

that battery energy capacity had a greater impact than power capacity on network reliability;
furthermore, reliability of the battery itself was an important factor in EENS performance. The
work does not include a full economic appraisal, butisiges that the battery may need to
engage in multiple revenue streams to be financially viable. K®Jnthe authors

recommend market or regulatory changes to facilitate the use of battery storage in reliability

provision;[78] also recommends development of additional markets for storage services.

Londonbased Konstantelos and Strbac also investigate the use of energy storage for providing

a security contribution to networks ifY9]. The work proposes a novel methodology to

O02YLIzi S GKS aSljdzAgdrtSyd t2FR OF NNEAYy3I OF LI OAGe
demand whose connection could be enabled by the addition of energy storage, without
AYONBEAAY I (KS adolBUsSAORIRER YOS/USNWE® 2b%2 (y G 62 N 6 dzy 0
of a small distribution network under single and double fault conditions. ELCC values are

computed using numerous Monte Carlo simulations. The work found that energy storage can
indeedprovidesa a G yGAlf aSOdzNAGe (G2 ySGg2N] asz odzi GKIF
storage is sensitive to factors including demand shape, islanding functionality and network

redundancy. The authors recommend further work to facilitate comparison between the value

storage and other types of network assets provide networks, and that energy storage assets

should indeed be suitably rewarded for any security services they provide.

In [80], Zheng et al propose the applicationmbbileenergy storage systems for occasional
movement, for deployment to an area of network disconnected by a fault, in order to enable
faster restoration of power. The envisaged situation would have the network able to operate

in islanded mode under fault cointibns, and connected renewable energy resources, whose

use the mobile energy storage system would facilitate, when needed. In GB, such an approach
could potentially be a longer term measure to improve resilience, especially in situations such
as extremeweather events, for example Storm Arwen, in 2021, where extensive damage to
overhead electricity lines in parts of Scotland and northern England left homes and businesses
without power for up to 13 daygB1]. This approach presupposaetwork rules allowing

G Aaft ly R Speratigrdbifas drea affected by a faykind availability of sufficient local
distributed generatiorresourcego supplement themobileenergy store. Clearly this would be

a significant departure from current grid operation in,@®ugh an initial trial opart of the

concept is ongoing in rural Scotlaf&P].
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Altogether, these three papef88]¢[80], two GBbased studiesind one from Australizare

examples of sma#cale battery, both alone and also with another technology, preserving or

improving reliability of supply to network users. In the first two studies, the authors propose

methods by which installation of storage can be considerednaslternative to other

interventions, in circumstances where reinforcement or other action would be needed to

preserve existing required network reliability standards. These authors call for an update to

the GB regulatory framework, to facilitate storage deployment to be an option for this

purpose. The third paper proposes to improve resilience from the status quo, by deployment

of mobile storage posfault, to facilitate more rapid power restoration: this ag@ach would
NBIjdzZANB ySiGis2N]1aQ 2LISNI GA2y Ay AaftyRSR Y2RS:

current practices in GB, though may be a useful approach in the future.

2.2.2. Transmission and large distribution scale
Though papers in this and the preceding section all concern storage projects as a possible
alternative to network reinforcement, in the face of changing patterns of generation and
demands, there are some generic differences between projects of smalldaeget scales.
Thus, these papers differ from those in the preceding section in several ways. In the papers in

this section=-

1 Maximum electricity flows through networks aa#l generationdominated. This was
the case irsomeof the studies in the previous section, but dematidven maximum
flows were more often reported

1 The generation is from windfarms, rather than sma#erle solar installations, as, to
date, large windfarms have larger capacities than the largest of solar farms. (In two of
the cases reviewed below, both in China, remote wind and solar resourcescated
relatively close to each other and are considered together.)

1 The studies in this section aim to utilise more renewable generation, in order to
reduce use of fossil fuel generation elsewhere on the grid, for economic and
environmental reasons. In the following studies, this could be achieved by building a
new windfam(s) in locations of limited grid capacity, or by more fully utilising outputs
from an existing renewable generators. Some of the studies in the previous section
did aim to better utilise solar PV outputs, but the studies also described storage as

potentially alleviating a broader range of problems, including declining network
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reliability in the face of rising demands, or providing financial benefits to householders
08 AYyONBI2ySRIZYOLAISA 2T ¢ | YR NBRdAzOSR dzaS 2F 3INRKR

1 A current approach to maintain system operability when largeale renewable
outputs, usually wind, which at times exceed network capacity, is their curtailment.
Curtailment of wind generation is commonly performed in parts of the GB grid
(primarily in $otland) as well as in other countries. While wasteful, this approach
does enable connection of and generation from such windfarms pending wider
network or other solutions. Curtailment tends not to be an option for the smallest
generators e.g. rooftop dar, due to lack of regulatory and network communication
infrastructure.

1 While cost is a significant consideration in projects of all scales, costs are particularly
important in some of the transmission projects here, where the storage project might
potentially avoid a network reinforcement, or reduce the necessary capac#yneiv
network, of distances of hundreds of miles.

1 Considering largscale transmission projects, and the timescales necessary for their
planning, consent and construction, any options, such as storage deployment, which
may avoid or delay the need for network reinforcement, could potentially bring not
onlyfinancial benefits, but be the only way to connect new renewable resources in a
timely manner.

1 Different types of storage technologies are relevant and practical at a regional or
country-wide scale, compared to what one might install in a home or on a very local
scale. Though the focus of this thesis is sldomation batteries, some of the reviews
of largescale storage assets, as existing or potential future installations, and serving
on a regional or countryide scale, consider PHS (still globally the most widely
deployed storage technolodg¥5] or Compressed Air Energy Storage (CAES), and have

insights relevant to this work.
The key findings of the individual papers follow below.

In the context of networks with high penetrations of wind, which is relevant to Sceltésted

case study locations described in later chapters, Iranian andleskd researchers Maghouli,

Soroudi and Kean83]y 2 (i S trankrhissiondetwork limitations are an almost universal

impediment to the rapid deployment of windcapaéity 'y R GKIF &G GNFRAGAZ2YIFE N

approaches take time and are costly. The authors suggest that deployment of storage is an
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attractive alternative to network reinforcement, and one which could be deployed faster.

Several types of storage are mentioned, with batteries described as having the advantage of

being able to offer fasacting services such as¥ NB lj dzSy O& NB3Idz | G A 2y X adl o
A Y LINE @ Six &lglitiod té relief of network congestion. The authors propose a novel

optimisation approach to best siting of storage assets on a network, with the objective

function of minimisation of total social cost arisifigm costs of operation of power stations,

load shedding, wind curtailment and pollution from conventional fuelled generators, using

L999 &Gl YyRIFINR ySig2N] ad® ¢KA daredpeided cerdrallydzy S& G K (

by the system operatér ®

PleaQ Xu and KockdB4] describe a case study in which batteries are located in a-wind

dominated part of the southern Scotland (S8 SNH & b S ¢ 2 NiistibQtiot { t 5 ¢ | NB I
network, in which five windfarms and an enerfypm-waste facility connect indirectly to the

same GSP, whose capacity is limited by the 132kV/33kV transformers. In this case study, the

DNO operates an Active Network Management (ANM) schameall but one of the

generators has a nefirm connection, i.e. can be curtailed by the DNO, without compensation,

attimes of network constraint. The study used one year of real data from the DNO, historical

and estimated outputs from all generators, and estimates the curtailment of each generator
RdAZNAYy 3 GKS &SI NE dzy RSNJ 0 MmiE K O 3/ NeMikhtbre@RhaRA GA 2y & 3
GSP transformers is not available. The paper presents results for the single day of the year, the

RFe 2F £26Sa40G RSYFYRX Ay G6KAOK Y2a0 -MEdzNIi I Af YSy(
conditions. The work compares a base case scenagidl{e network in its current state) with

the addition of both a single battery, and also two batteries at different locations. This work

provides insight into suitable sizing and location of battery to minimise curtailment under

G 2NRBRG O ad& bwes #gmRnll:iihe gughdrs recommend further work investigating

other network conditions. This work assumed that a battery is dedicated to reduction of

curtailment.

| RSYdzt S3dzys YSIHGESe FYyR |1 SgA0GQaz wfeAls adlddzRe 217
also in the context of high wind penetration. The authors found that storage could substitute

for or allow deferment of traditional reinforcement to reduce wind curtailment, and provides

& LI GKgle G261 NRa Ay ONBwUglywithotit a falSnibateridostsy y S a G v S
reinforcement would generally be a be cheaper option. Perplexingly, the authors also suggest

storage could potentially address instances of wind generation curtailment for reasons of
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system operability, such as to increase system inertia or adhere to System O psgationits

of nonsynchronous penetration, without explaining how convertennected battery storage

could achieve this. (Clearly, any storage devices connecting tdebiety network via a

synchronous generator, such as pumped hydro or CAES, would indeed increase synchronous
LISYSGNI GA2y YR a2aidSY AYSNIUALI @0 CKS | dzi K2 NR (
utilisation of curtailed wind energy: themability to operate for multday periods, over which

high wind events often occur; they propose that longerm energy could perhaps be

provided by hydrogen production in the future. When considering sizing of storage facilities,

the authors note thenetwork generally would require more storage capacity over the windier

winter months than at other times of year, but that storage assets could engage in other

activities, primarily wholesale trades and ancillary services, when not engaged in constraint

relief. The authors note the importance of appropriate sizing to avoid the batteries

themselves causing additional constraints, especially arising from thermal ratings of network

elements, a matter which is investigated in later chapters of this thesis.alithors do not

address the matter of ownership of storage assets, but do state that their deployment much

be financially feasible compared with alternative actions, and found that a mix of several

revenue streams is not only possible, butinfactnechsBa F2 NJ I o6l GG SNBR QA TFAYLl Y
Overall,[60] is a thorough and useful piece of work on an electricity grid with similarities to the

GB grid, especially its Scottish part, which case studies of this thesis investigate in later

chapters of this thesis.

In an Iranbased study, Salehi and Abdol@%] consider a variety of distributed energy

resources, including energy storage in electric vehicles together with flexible demand, as an aid

to both avoiding network reinforcement, and greater utilisation of renewable energy in

network constrainedareas. &JA y 3  a3INBeE g2t F 2LIAYAAlI GA2YyES &
69-bus IEEE test distribution network, the authors report success in congestion alleviation and
operational cost reduction, better control of voltage, reduced wind energy curtailment and

thus reduced air pollution from conventional generation, as some generation is displaced by

wind. The work assumes nodal pricing for all parties, and finds alleviation of constraints

harmonises prices to the benefit of consumers. This work is clearly in differgnt context

to GB.

Hozouri et al if86] seek the optimal siting of PHES from several candidate locations, together

with their optimal power and energy capacities, to complement remote windfarms and reduce
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transmission congestion, using windfarm and network data from three sitearn This work
takes a combinatorial approach to seek lowest overall cost outcomes, with transmission
reinforcement options also considered as both alternative and complementary actions to
storage installation. The viability of the PHES stations asesasd using an arbitrage model,
considering also transmission constraints potentially limiting their activity. The assumption

that a central system operator is scheduling atheetion is implied.

B7]A & | [/ KAYyS&S aiddRe 6KAOK RAAOdA&ESE Iy | &LIANI

generators (solar, wind and hydro) in remote areas together with each other and with storage
facilities, in a situation of limited capacity of transmission lines ssagy to conduct the

electricity to demand centres, in the case of the study, over a distance of at least 1,700 km.
The paper discusses the sizing of a PHS facility to complement the wind generation, to
maximise wind utilisation at acceptable co$88], also in a Chinese context, suggests a Monte
Carlebased approach to identify locations where energy storage could provide most relief of
transmission congestion, and then-optimises scheduling of remote renewable (wind and

PV) and storage resourcesstating in very similar overall system costs compared to

traditional transmission reinforcement.

Olivos and Valenzuela review available research into how battery energy storage systems can
be incorporated into Unit Commitment, {i89]. The article starts describiig the deterministic

unit commitment problem, then state that in practice unit commitment is a stochastic

problem, because of uncertainties in demands and renewable generation outputs. The
authors consider various approaches to yielding adequate solutigthgén acceptable

computing time. The article then describes various approaches that other studies have used to
incorporate energy storage facilities into unit commitment calculations, in deterministic,
stochastic, and secity constrained variants of the problem, some of which use storage alone,
and others where storage is used in combination with other interventions, such as demand
flexibility. The authors believe that inclusion of battery energy systems will be esgential
transition power systems to work with high penetration of variable renewable generation, but

i K lexcluding the inherent uncertainty in power systems could overestimate the performance
and benefits of [energy storage systeinsp ¢ KS | dzii KrenktEadefS eivkehy Ay K
costs and robustness of solutions. Finally, they state that incorporating energy storage into

dzy Al O2YYAGYSyd Ol ftowdaisimdrd fisfainabié, xdsifient anieRergy 2 @S @

29



efficient energy systerdés> I yR &aidlF S GKS ONBFGA2Yy 2F RI G NBL

characteristics would greatly facilitate such endeavours.

Altogether, these papers describe the ability of storage, of different types, to enable greater
penetration of renewable energy, primarily of wind, by reducing peak flows through networks
of limited capacity, and thus enabling greater overall energy tenssf One of the papers
describes how incorporating battery energy storage into unit commitment calculations could
aid system operation in the face of greater renewables penetration. Such interventions bring
financial and environmental benefits to the sy as a whole. One of the papers, in a similar
context to parts of the GB grid, mentioned inherent limitations of battery energy storage to
effectively reduce wind curtailment throughout highind events, often lasting many hours to

several days, and ggest hydrogen storage may provide a future solution.

2.2.3. In summary: findings on different scales of storage projects
Despite the huge variations in scales of proposed projects, from usingtapated batteries
to support LV grids, right up to batteries and potentially PHS or CAES projects supporting
transmission grids over distances of many hundreds of miles, thesestyi¢tlded remarkably
similar findings. Batteries and other storage assets can support electricity networks, under

different conditions, and provide a range of benefits, as summarised beldatite2.

2.2.4. Comments on foresight and control of battery storage
A common approach in many of the aforementioned studies in Se2tidwas to use
historical or synthesised data for network variables such as voltage, renewable output, or
demand power flow (as a baseline case), and then simulate the network with an added
battery, or other energy store, and compare results to the base cikmy of these studies
use deterministic logic to instruct battery actions under certain conditions, for example by
instructing a battery to discharge at times of a voltage[g&jor high demand flow on a
feeder or a hous¢64], [70] or to reduce generatiortaused network constrain{§0], [84],
respond to a network faufi79]z 2 NJ (12 Y-OEXX¥A¥ Qi &AaBE TAY | K2dza$S 6
and rooftop PV, thus minimising electricity imports from and exports to the nationa[@tid
Some studies incorporate such battery actions into a wider optimisation problem, such as to
optimise voltage control across a whole test netwprik], maximise use of renewable
resourceg86]z 2 NJ NBRdzOAy3I 2@SNIft az20Aarft O2aid 2% GKS

fuel, and pollution). Some of the studies €&j/] did not state their methods in detail.
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Table2 Summary of services storage assetsnall and large scalaeported to offer, in the reviewsf section2.2

Service Scale of storage project
Small scale Large scale
1 Reduce peak flowsvariable | Yes Not reported but
demand expected to occur
2 Reduce peak flowsvariable | Yes, solar Yes, wind (and alsq
PV or wind generation solar in 2 cases)
3 From 1 & 2: reduce network | yes yes

congestion; reduce need for
network reinforcement
4 | From 1, improve reliabilityto| , Sa > AF RS Y QI Notreported

demand customers 2NJ SPSyYy WbQ y
and if other action not taken
5 From 1 & 3: enable increase( yes Not reported

demands from electrification
of heat and transport

6 From 2 and 3, increase use ¢ yes yes
existing and future renewablé
generation assets
7 From 6, reduced need for Yes, reduce purchases of grid Yes, reduce

conventional generationg electricity conventional
financial and environmental generation
benefits despatch

8 Reduce cost by substituting | In some but not all cases In some but not all
for network reinforcement cases

9 Improve resilience to large | Potential service of mobile Not reported

disturbances, by facilitating | storage, in a future network
faster restoration of power to| designed to operate in
demand customers islanded mode postault

With the benefit of hindsigh2 NJ a1y 26y ¢ O2y RAGA 2 yhabagefyol LI NIi A Odz
other energy store can indedthprove operation of networks However, such studies may

overestimate benefits that mabe seen in actual deployment.

Some metrics are not known but can only be estimated, such as voltage and power flows in
locations which lack monitoring. Even where monitoring exists or estimation is effective,
knowledge of future values is inherently uncertdior, reasons including inaccuracies in
forecasts of weather (affecting renewables outputs and in some cases demantasknt
variability ofdemand profiles, anthe possibility ofaults in equipment (e.g. generators,

networks).
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Held et al and Rowe et f83], [75]conducted real trials on battery effectiveness in managing
voltage violations on LV feedersleld et a[75] found thata battery operating on a fixed

timing scheduleavoided around half of the voltage violations, significantly worse performance
than that simulated, for a variety of operational reasons; measured performance, however,
was high (avoiding 95% of voltage violation) in the case when battery was instructed|by
measuredfeedervoltage data. This study shows the importance of having data, as opposed to
crude forecasts to describe network conditions, and also some difficulties of running
equipment inpractice. Rowe et a[63] compare different control striegiesfor a battery
dedicated to manaigg peak flows in networksind refer to real trials in the south of England.
They studied the effectiveness @fa S i LJ2 A y (ithe (52 of il of ahveriSbie,

such as voltage, which would trigger a battery import or explooth with and without

forecasts The authorgompare these methods withé& K A NR it idtyitiorid Bpproach
based on historical and expert knowledged offline algorithms Theauthorsfound (i K Isét &
L2 Ay i Gedffidalyhd identification of the best valueof a set pointwas especially
challengingorsome[ + Yy SGg2NJ] a2 06 SOl deeiSpovedlows. Kikauthe £ | G A€ A
alsofound that an offline algorithmdedicated to minimising peak flows wadwell on

feeders with more predictable flow patterns, and avoided expensivetinesd monitoring.

Some of the studiel the preceding sectioacknowledge uncertainty in input data and
attempt to accommodate it in their modellings didMaghoulieta® &  §83]dxR@&rning

uncertainties in wind generation.

In short,the findingsin this sectionillustrate the potential of storage to alleviate a variety of
network challenges. Howevesyen when a storage asset is owned and operate¢obyn
behalfofff Yy SG@g2N] 2N aeéaidsxNs2 fISeRivdrmEdiffarke@n | 43S0 Qa&

that found in these studiedf there are limitations irits accesd4o and quality of network data

Access to network data, sometimes incomplete even for network owners, is likely to be more
limited for other actors. Gissey et[@0] advise against independent ownership of storage,
arguing that a system operator is best placed to make a decision between investing in storage
or additional network capacity at a given place. Independeniiyned storage assets, they
believe, would inheretly have imperfect information about electricity demands, which would
impede a storage asset from having optimising its activity between trading, balancing actions

and ancillary services, leading to sojstimal behaviour.
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Thesituationof storage assets being independently owned and operatédrieer addressed

in the following section

23/ t2aSNJ) 02 aNBIf @92NIREY dzyodzy Rt SR St ¢
battery ownership

Theend of theprecedingsectiondescribeshow the effectiveness of storage assets to benefit
networks operation may be limited hyncertainty ind NB | f dath &n¥ fSrécasts
However, an entirely separate reastor real battery actions to differ from predictions that
in an unbundled systenin which storage immdependentlyowned, the storage owner would
be incentivised to maximise its revenue stream. This might or might not involve the same
kinds of actions that would reduce costs and maximisedfit to the system, or enable
maximum penetration of renewable energy, or minimise electricity bills at demand sites with
their own onsit renewables. The studies below investigate some of these sitisatost
scenarios chosen involve largeale storage assets, though one considers systéghe effects
of residential batteries, and another considers portable storage units. Awadd example
of actual battery deployment is included, and this sectionaodes with some of the insights

from two large UK studies.

2.3.1. Studies contrasting storage unit behaviour according to different
ownership models
The followingour studies[91]¢[94] investigate the behaviour of a storage unit in two or three
A0SYIFNR2& 2F 26YSNBRKALI 2NJ aOKSRdzf Ay3 NHzt Saz (2
The cases are:
T OdAy3 (G2 oSYSTAG GKS St SOIGNROAGE ySGg2N] 2
penetration of remote renewable generation, and / or peak flows (from generation or
demands)
T YFEAYAADgHAA AR X2y éX yR (Kdza& YAYAYA&AYy 3 3INJ

residential consumers with elmcated battery and PV resources,

which are considered together witttenarios in which the storage unit responds to wholesale

electricity prices: either by

I aiming to maximise its own revenue by engaging in wholesale trades, or by

1 enabling cdocated residential consumers avoid purchases at times of highest prices.
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Hartwig and Kockd®1] investigate behaviour of storage on networks with wind generation,

under different incentives. Usirthe IEER4-bus Reliability Test Systemetwork, and wind

data from a Scottish windfarm, storage despatch is initially set to optimise system welfare, and

then to optimise its own income. This work found that geterested operation of energy

storage assets was not detrimental to marketweNB8 > O2 Y LI NBR (G2 | ayz2 aidz
However, this study found thatelfinterested operation of a storage agseould differ from
welfaremaximising operationa sefA y 4 SNBX & 1 SR & (1 2 Ndcehtvised®a S 62 dzf R
withhold some of their capacity during times when it will improve welfare thednaist I & & dzOK
OSKIF@A2dzNI 62dzf R O2y iNROdziS (2 3INBFGSNI LINAROS o2¢
gSETINBEL o6dzi 6KAOK g2dz R AYyONBIasS GKS LINRTAGA
exacerbated with greater network congestioihe work suggests that operation of storage by

network or system operators couldiaw more efficient outcomes overall, but that unbundling
arrangements of the GB power system prohibit such ownership. The authors suggest that

other revenue streams, such as capacity payments, may be more appropriate for energy

storage devices, to incemise storage operators to act to maximise the welfare of the system.

A Canadian study by Bhattarai e{22] investigates the use of Compressed Air Energy Storage

(CAES), where PHS is infeasible, to complement wind generation. The work considers the CAES

facility to operate in potentially two modes: first, to maximise utilisation of wind energy, which

the authas suggest would be best implemented by an agreement between the CAES asset and
GAYRTFINY 26ySNAT aSO2yRX Ay FNBAGNIIS Y2RSI HKS
profitand are driven by price. In the first scenario, the asset is simulated to chdueewind

2 dzii LJdzG SEOSSRa | aSi aNBFTSNBYyOS sAYyR 2dzi Lidzi ¢ O
GNIXyavyrAaairzy tAYyST GKS ait2N)r3S FaasSa ¢2d#Z R RA A
GAYR 2dziLddzii ¢ ® ¢ KS | dzi K2 NE aedzfAsBlfhg the storiedS a2 N» 3 S
energy when transmission line conditions allow. In the arbitrage scenario, the CAES facility

acts according to market price to maximise its income. Additionally, a reliability value is

computed from sequential Monte Carlo simutais, which calculate loss of load and loss of

energy expectations, and which are used to compute costs of unserved energy. Overall net

benefit of the CAES is taken to be the sum of reliability and environmental services, plus any

gains from arbitrage. &t surprisingly, operating the CAES to minimise wind curtailment

achieved better metrics of wind energy utilisation compared to CAES in arbitrage mode;

however the latter operation mode achieved better reliability metrics, and higher overall

economic benef. Clearly, specific results depend on scenarios, costs and prices, but the
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generic results, that storage facilities can be operated in different ways, with different
objectives, and provide differing suites of results of financial and energy metrics, is a useful

generic one.

A German studpy Wanapinit et aJ93] into the effects of widespread residential battery use,

to 2045, contrasted batteries used in

1 & a&a®R Y a dzy LIG AcGoymaxinVis2 is& of osite PV, with
 aYIl NJ SiG 2 NX®Bived B Risolesdl friGes, and
 aLISF1 &kl @asoyitdled o r2dRdé Fansmission congestion nationwide.

b2i adNLINAaZAyIfes IANBLFGSad aeadsSy oSySTaita oSNE
AKIF @Ay 3¢ Y2RSaz vYz2aidfte FTNRY NBRdAdzOSR 2@0SN)Iff 3Sy
there would nevertheless be need for future grid expansion to accommodatdeagrea

renewable penetration, especially as regional differences between renewable resources (as in

GB, more wind in the north, and more solar in the south) and their outputs would continue.

Transmission congestion would be greater with batteries operaying -@ 8¢ & dzY LIJGA 2 Yy € 2 NJ
GYFN] SG 2NASY(iSR¢ Y2RSo ¢KS | dzi K2NBR KAIKEAIKIG

home battery owners to utilise these assets in ways that would bring broadest benefits.

Denholm et al if94] discuss the relative merits of siting storage near a locus of variable
renewable generation, or near to demand centre, at three sites in the USA, where the
transmission distances are great (between 780 km and 1400 km), and minimising the capacity
ofsuchO2 yySOGA2Y 61 & RSAANBROD CKS-adil &R RBySodmaaS:
A02NI 3S FIOAfAIASALSARZYIHHNRBIR ISEIRKRGSENVYIRI tf &8 246
assuming in both cases that the asset needs to generate income. The study foudidth - a f 2 I R
AA0SRe a02N)y3S FaasSi 62dzR 6S Y2NB LINPFAGlIOf SX
dzy NEAUNROUGUSR 08 YSUo2NRAUGSREGAGO2NLYESO2aRIiZG EI2i
by a windfarm, would have reduced revenues from arbitrage, asstnission constraints

would limit its access to profitable trading at some times. However, such a storage asset

would be most effective in reducing transmission congestion and enabling greater utilisation of

remote wind energy, bringing financial and @mnmental benefits of reduced conventional

generation, and potentially also avoiding transmission reinforcement costs. The work notes

that remote-ssiting of storage can be an enabler for additional wind generation, as storage

facilities are generally quter to construct than longlistance transmission reinforcements.
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Altogether, these studies found a storage unit aiming to maximise its income from wholesale
tradeswould behave differentlfrom one dedicated to network congestion relief, maximising

renewable penetration, or other systemide benefits.

fa A A

232 . { GdzZRAS& O2y aAiRSNIMYT SINIRANTSTRSE 2W2(RS Ay ¢
In the following studies, all in the USA, storage units would be, or are, engaging in wholesale
trades and seeking to maximise their incomes. These studies discuss the effect storage
deployment and behaviour, under these circumstances, would have orrielgchetwork

congestion, and in the last case, on other aspects of system operability.

Jorgenson, Denholm and Mai use proprietary software PLEXOS to conduct economic despatch

of generators, and consider cases with remote areas of wind generation, at times curtailed

because of transmission constraints[95]. Considering initially storage assets dfctir

durations, to represent shosduration batteries, the study compares durations of wind

curtailment with and without storage. Installation of short duration is projected to reduce

curtailment, but by a smlamargin, because wind events commonly last for longer than 4

hours (with 40% of curtailment events lasting over 8 hours, and some lasting over a week).

The work found that additional transmission capacity was far more effective than storage in
reducingg AY R OdzNIi | Af YSy (o | 26 SOSNE GKS | dziK2NB F2d
transmission expansion and storage, where each increases the value of the other. The authors
conclude that transmission expansion, even over long distances-2000 milesn their case

studies) is likely to be important to access remote renewable resources, though appropriately
f20FGSR ad2N}r3S O02dzZ R 06S @lfdzadoftS Ay ayAOKSE |1
not justify the capital costs of storage assets initloase studies, but the authors suggest

further work to identify additional revenue streams from ancillary services, which may serve to

provide a more viable business case for storage assets.

He et aldescribe another USBased study|96], in California, whose nodalyriced electricity

system results in significant locational price differences, sometimes over even short distances,
prices and price differences which varyday. Their proposed scenario would hgpgtable

energy storage systems transported short distancedaig by truck, thus accessing higher and
lower nodal prices, and more profitable trades. Their work suggests such portable storage
systems could accrue revenues on averag8@®% higher than similarationary storage

systems, and where the best case would be 70% increase in revenues compared to a stationary

system, apparently even allowing for transportation costs. Because the locational price
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differences arise from network congestion, and the authors cite congestion relief, and thus
delay or avoidance of transmission reinforcement, as potential benefits from a portable energy
storage system. The authors also note that the portable energy géocauld serve multiple
locations, and be far faster to deploy than traditional reinforcement. This concept is
interesting, though clearly in a context of nodal pricing which does not apply in GB. As in
Janssen a[,/6] (Section2.2.1.9, these authors neglect to mention the additiomahd network

congestiorsuch a development might cause.

Areport from industry detailing contribution of actual deployed batteries onto a solar PV

dominated network is the California ISO 2023 Special report on Battery S{&Z#geT his

report documents an increase in battery capacity in the CAISO area from 500 MW in 2020 to

MM®PH D2 AY WdzyS HnunI 2F 6KAOK KIFfF Aa aLKe&aiAoll
NB LJ2 NIi ¥ iaitkzgieR acco#nt for a ignificant portion of load during peak solar lodrs

andd o GGSNRSA F002dzyd F2NJ I aAAYAFAOIYy UG LIER2NIAZY
afternoon and early evening when net loads are highestt & A f Figuée BattériSsR Ay

also provide a very significant contribution to balancing services. In this jurisdiction, batteries

are independently owned and their activities must be financially beneficial for their owners.

Clearly, California is a place where widespreattery deployment is helping with overall

energy balancing and utilisation of solar energy.
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Figure3 (a) Average Bninute battery schedules (b) Average hourly battery schedules by product (2[323).

These studies, in similar fields, differ in their findings.

1 The latter two find storage units, even behaving in a-sadrested way, will reduce
peak flows, network congestion, and potentially could delay the need for
reinforcement.

1 However, the first study found the opposite: that deployment of -$etérested short

duration storage could not effectively substitute for transmission network
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reinforcement when seeking to increase penetration of remotated wind

generation, though the two interventions would complement each other. One reason
is the nature of the storage type and renewable generation: batteries able to charge
for up to 4 hous could only store limited amount of otherwissirtailed energy from

the windfarms, whose higlutput events tended to last for much longer.

2.3.3. UK studies of specific interest
This section summarises two sizeable®dkidies on the effects of storage on our electricity

networks:

f GB study Imperial College and the Carbon Trustl( Y LJ$, ROUL6[{58] ¢
1 Northern Ireland study, PhD thesis, A.A.R. Moham{&8]

The Northern Irish electricity system is part of theiglthndof-Ireland synchronous electricity
system, Eirgrid, and is out of the scope of this thesis. However, this studydgheless
useful, because the Northern Irish /-dland Irish power system is experiencing similar

challenges to the GB one, especially its Scottish part, including:

9 high wind penetration.

f decarbonisingtargetsa A YA T I NJ 12 GK2&aS 2F GKS !'yYQa 2GKSNH

mainland Great Britain

Both studies consider different types of battesiorage: lithium ion, sodium sulphur and
vanadium redox flow batteries. Theperialreport additionally considered two thermal
SySNHeé& ai2N}r3IS (SOKy2t23ASa |a4.1L2aaA0fS LINRPJDARSE
Imperialalso considered
T €t NBS aoOlfS aodz | aiG2N}y3IS¢ (SOKy2f23ASa 6t d:
T aFlkadé aidz2Nr IS fyvihdels)SoNdpecifidrsysteri Salifity seryicBs in

the milliseconds to seconds timeframes.

%¢KS !'Y 0KAOK Ada GUKS a!yAGSR YAY3IR2Y 2F DNBIFG . NARGE
electricity grid, because the province of Northern Ireland is geographically separated from Great Britain

by the Irish Sea; Northern Ireland is geograptycgart of the island of Ireland, together with the

wSLIdzo f AO 2F LNBf VRO yRKSNEBSQAERNA ORBRAY IINEA K OF OSNAY I ¢
of Ireland.
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2.3.3.1. Potential benefits of storage deployment to the electricity system
Both studies considered potential benefits to electricity system from storage deployment.
Both note benefits of storage assets complementing varying outputs of solar and wind, and
also supporting increasing demands from electrification of heat and tramsptowever, the
studies approach these matters in different ways.
ImperialOl £ Odzf  §S a¢K2tS St SOGNROAGE aeadsSy Ozadtaé¢x
all generators and despatch, including of storage, necessary to provide generation adequacy,
and balancing and ancillary services, together with projected costs ofodison and
transmission network reinforcements necessary. This was performed for several of National
DNARQAE (KSy CdzidzNB 9y SNH& {OSYylFINR2a&D ¢H1Ay3a GF
for later-strengthened decarbonisation targetshis work found that significant cost savings,
of around £2bn per year, in some of the scenarios where storage would be deployed,
O2YLI NBR G2 | a4y asilasira@eNiF@Bed. Tod ballSof dddt saBngs arose
from reduced fuel and carbon costs from despatch of gas andC@es generators to provide
balancing and ancillary services. Storage deployment was also projected to result in small cost
savings from reduced distributioretwork reinforcements. It is interesting to note that no
significant cost savings were projected in scenarios where the storage assets did not provide
frequency response services, presumably because gas stations would be required to run to
provide such seices. Itis also interesting to see that most solutions incorporating storage
involved additional transmission network costs, albeit modest in comparison to overall savings.
Itis presumed that deployment of storage enables more distant renewables to b
economically used, though they would require additional transmission reinforcement;

unfortunately the report does not elaborate.
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Figure4 Annual cost saving across whole [electrical power] system from deploying different storage types in the

wD2yS DNBSyQ &a0SylINA2 Ay wunon | 3FAyad Hs8aithadleddl 88 2F y2
annotations

a2KlIYSRQa G(GKSaAa R2Sa y2i O2yaAiARSNI agK2ftS aeal
battery storage to MV and LV networks, under scenarios of increased pressure from greater
demands from electrified heat and transport, and increased distributedhaind solar PV

generation.

His work explores the benefits that storage deployment could bring to MV and LV distribution
YySGUg2Nl a Ay -{IONBS@ARANYIE GBNIR OSa G2 |ttt S@AIGS
power quality, with particular consideration given to scenariooweftarbon technologies roll

out, benefits thatimperialalso state storage would bring. His work considered three generic

scales of battery projects:

1 Gridscale batteries connected to MV netwokaith connected distributed wind and
solar generation.This work compares different optimisation algorithms to obtain the
most beneficial sizing and placement of batteries. The batteries are assumed to be
controlled by the DSO. He finds that suitably sized, placed and controlled batteries can

indeed allevate MV network congestion.
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LV networks This work found that suitably coordinated battery installations could
support LV networks in the face of increase EV charging and PV generation, and avoid
thermal overloads or voltage violations and improve power quality. Such services

could avoid theneed for conventional reinforcement.

T wWSAARSYUGALIf &0SKAYR. Hekdindhatsuitable contbliédi S NE & ( 2 NJ

batteries could support the LV networks, under pressure from electrification of heat
and transport, and also potentially reduce tariffs for residents. He also noted the

importance of suitable cycling control to avoidemature battery ageing.

2.3.3.2.  Batteries engaging in seiliterested price or tarifmotivated activity
Both studies considered scenariokbatteries engaging in seilfiterested activity based on real

time wholesale trade price axd G A-of-8&3 S G NAFTFEY

f Imperialstate: ¢ § KS LINAYOALIf FAY 2F SySNH& LINROS

demand and lowpriced periods in order to discharge during periods of higher demand

N

F'yR LIMMABSEWYS NRY I GAYSQ StSOGNROAGE OSPId TN
dza SR F &G £ F GSNI GAWE wRkihusiadstiries et Sioh fpricR S Y Yy Ré ©

incentivised trades would automatically benefit network and system operation.

1 In contrast, Mohamed found that a significant rolit of independentlyoperated

residential batteries could negatively affect LV network operation, as high demand

FTft26a O2dzZ R 0S OFdz&ASR 08 O2AYOARSY(d ol GGSNE

0 I NIJsiuciF a5 & ¢heap nigtitme tariff (likeGEQa a9 02y 2Ye T£€0® S
DSO efforts to incentivise residential battery owners to allow DSO to coordination or

setting of rules limiting battery activity.

In later chapters, this thesis explores the assumption that the system wholesale prices are a
suitable metric of system and network needs, and that price will inherently incentivise-a self
interested storage asset to act in ways that benefit the elecyrisitstem and networks, as well

as itself.

2.3.3.3.  Financial viability of battery projects
Both studies consider the financial viability of battery projects from the point of view of their

owners:
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1 Imperialconsider the financial implications of -¢mcating a griescale (5MW and 25
MW) lithium ion battery, located at a windfarm and owned by a windfarm owner,
under conditions of unconstrained and constrained network capacity
0 The battery is most profitable under unconstrained network conditions, as it
can engage in wholesale and balancing trades
o ' YRSNI O2yRAGAZ2Y & 2F NBAGNROGSR ySig2N] O
restricted, but it provides value by reducing wind curtailment, as well as by
engaging in wholesale and balancing trades. Their analysis suggests lifetime
incomes from such aciiies would be exceed lifetime battery costs under at
least some scenarios
o0 The addition of frequency response services as a battery activity could
potentially greatly increase battery revenues. The work does not address the
9{hQa L2aaArofsS NBfdzOlilIyOS (42 02y (N} OG T2
network constraint.
0 ¢KS | dziK2NR Ffaz2 adza3asad GKFIG aflF&@SNARy3IE

degradation

1 Mohamed considered the financial viability of staalbne gridscale MYconnected
batteries, and their projected revenues under scenarios of three potential activities:
0 energy wholesale trades,
o provision of ancillary services to the ESO, and
o provision of local flexibility services to the DSO,
0 or a combination of the above activities.
The work found that stacking of revenues, by engaging in multiple activities, was
ySOSaalNE FT2N) GKS olFGGSNEQA TFAYEFYOALT GAlFOA
provided enough income. The work proposed a control strategy to allow simul@neo

activities without conflicts.

1 az2KIFIYSR |fa2 O2yaARSNE (GKS FTAYLFIYOALf @AlFOATL,
storage.
o He found that despite network benefits, not all scenarios were financially

viable. He also found that the DSO would need to pay the battery owner at
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least £110/kWh, or £272/kW, for the battery project to break even over a ten

year lifetime.

1 Imperialexamine a residential battery, with residential solar PV, engaging in self
interested activity

o ! oFGGUSNER 2yfé LINEJARZKERYvO®@ItR aKAFIAY IE
3SYSNI S Sy2dzak AyO02YS G2 O2@0SNJ GKS ol G4

0 The authors also findsuchsdlfy i SN a GSR T NPAGNI IS Aa y2i
it would leave greater share of network and other fixed costs to be borne by
other network users (an outconthe Targeted Charging Revi¢99] later
addressed through a change to network charging arrangements)

o An aggregation of 90 households, each with the same type of PV and battery
installation, but differing demand profiles, would gain greater value from the
batteries, and such an arrangement would narrowly cover lifetime costs

o An individual battery engaging é@itherfrequency response services, or
Gy Sie2NJ] & dzipidtunid tozb& feiderkindSod BSO flexibility
ASNDAOSOSE Ay FRRAGAZY (2 af2IR aKAFOGAYy3IE

financial outcomes would result from a battery engaging in all three activities.

1 Mohamed also considers residential batteries withsite PV. He found that though
the PV system was financially attractive, the battery purchase was generally not
financially viable under current conditions of costs and tariffs, over a projected 10 year
battery lifetime, a similar result ttmperial) & ® | 26 SOSNE a2KlFYSR F2dz
was attractive in some scenarios, where it provided continuity of supply to rural

customers experiencing frequent disconnections.

2.3.3.4. Concluding comments
Overall, these two large studies, in a GB and similar context, both find that batteries and
potentially other types of storage can indeed provide a plethora of benefits to the networks
and system operation, while increasing penetration of variable renegvgbheration and
newly electrifying demands are expected. However, both studies found mixed results
regarding financial viability of battery projects; both studies also found that financial viability
of batteries improves whenever they can engagesiverue stackingi.e. perform multiple

incomegenerating activites | NXadzt § NBt S@Fyd G2 Fylrfeaira 27
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Chapter 3 Sectio.3.3 Whole [electricityjsystem cost savings projected lmgperialwere

dominated by avoided costs of gas station despatch, with a small contribution from avoided

distribution network reinforcement.imperialassumed price signals would motivate a battery

26ySNI G2 |00 Ay GKS NBtSOFyid StSOGNROAGE ySiGg2)
contrary in the case of residential batteries, and recommended DSO control of battery assets

to enable their best ulisation.

These works illustrate the variety of situations, locations, scales, presencdafated
resources, ownership, and control arrangements that could apply to battery projects, and their
importance in determining the value, and any potentiatbénefits,that such projects may

bring.

2.3.4. Regulatory views on storage in GB
Network operators, at both Transmission and Distribution level, have to model network flows
and asses the effect that a new connectee would have on overall capacity. When considering
connection requests from storage assets, which in GB are classed aatgeneDNOs and the
9{h KIS GNIRAGAZ2YIff& | aadzyYSR ag2NBUG OFasSé¢ | Of
exacerbating both import and export flows. Thus, network capacity allocated to a storage site

would not be available to other current or future netwousers.

In an effort to enable faster connections to new electricity network customers, and faster

progress towards Net Zero goals, the UK Government and Ofgem published a Connections

Action Plan in November 202800]. Included in its recommendations are changes to the way

the ESO models the effect of Battery energy storage on electricity netwarksd & dzY LJGA 2y a 6 A
be updated to recognise that pattery energy storage system] (1) does not typically export at

times of peak generation and import at times of peak demand; (2) does not act uniformly at all

times; (3) operates for relatively short periods; and (4) modelling should be aligned across

trandA YAAAaA2Y | YR KBA DIWREIDEOTE2ya wSF2NNE adzY Y NB
[101], states that the above changes have been incorporated into its Construction Planning
Assumptions, modifications which NESO expects will facilitate faster connections for battery

energy storage projects.
Outputs from chapter$,4,5 and @®f this thesis are relevant to some of these assumptions.

At Distribution level, such a change has not been enacted, however great pressure on network

capacity remains in many areas. tdste of writing, November 2024here are over 80 GW of
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distribution network connections agreed for current and future batteries, according to the

DNO Embedded Capacity Regis{&&c[42], as of November 2024. The network capacity

agreed for these connections reduces capacity available for other potential future users, a

aAlddzZ GA2y GKS ySGg2N] 26ySNEQ GNIRS 062Reéx GKS
customers and to the achiement of Net Zero goals. In 2023, the ENA published Tactical

Guidance for DNOs, endorsed by Ofgem, regarding connections of new storagqd H32ts

GKAOK AyaildNdHzOia aftSaa FTANXySaa 2F O2yySOGAzyé

other types of users. This guidance is described further in Chapter 8.

2.4.Conclusions

There is a significant body of research into the many valuable services that batteries and other
storage assets can and, in many cases, do provide to electrical power networks. Scales of
operation range from residential scale batteries to large transmissonnected grigscale

facilities. A variety of approachaseused in the reported studies. Some use of real or
simulated patterns of demand and / or generation, with deterministic rules governing battery
behaviour. In others, storage asset is conggdewithin a Unit Commitment problem.

Numerous studies use optimisation to find the most beneficial size and / or location of storage

{a)

Faasda 2y F ySGg2Nl: 2FGSy 6AGK | aft2684G 208N

optimisations of storage together witrenewable generation and transmission planning.

Most studies consider the storage asset owned and operated by or for the network or system
operator, with rules that the asset must reduce network congestion or provide some other
system benefit. Some perform a mudtbjective optimisation, combining unéommitment

with transmission planning, with storage assets being dedicated to aims such as maximum use
of available renewable energy resources, minimising cost of energy, and minimising network

congestion and / or reinforcement costs.

The greatest financial benefits of storage to electricity systems with significant renewable
penetrations is found in several cases to be the displacement of more expensive and
environmentally damaging generation with renewable outputs; in some casesansiérvice
provision by storage enables further fossiel generation reduction. However, storage
deployment could also allow avoidance or deferment of network reinforcement, which in

some cases was found to be a lowest cost solution.
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In some cases, minimisation of transmission costs, or minimisation of overall system costs, was
a constraint or an objective. In others, it was a potential outcome of the study. In the latter a
variety of results were found, with many finding that bafeznergy storage could indeed help
enable greater demands or greater renewable penetration, but struggled to compete
financially with traditional reinforcement, though in some cases batteries were a lower cost
option under certain specific circumstanceSome studies found that the best value from
batteries was when they complemented additional network capacity, rather than were
implemented as an alternative to reinforcement. Of relevance to later chapters was a finding,
that shortduration batteries hadimited effectiveness in reducing curtailment of wind
generation, because high wind events tended to last for longer durations than the batteries
were able to charge. However, numerous studies found batteries fitted well with shifting solar
PV outputs taimes of day of greater demand or higher prices, as is the current experience in

the electricity system of California.

Some studies do consider the situation where storage assets are independently owned. Some

studies compare storage assets operating for the benefit of the system, or perhaps a co

f 20 SR NBYySol o0f SAFTELIRMAUBRE &R RMEsdakyfar KA PK §( KS
maximise their own incomes from trading. These studies all found that different behaviour

g2dxf R AYRSSR 0S8 SELISOGSR® Lt 2dziDFHSHLaNB &K
mode was most lucrative for the storage asset itself baitflor the wider system. However, a

realworld example from a heavily soldominated network found that independentiywned
OFGGSNRSE | NBE STTSOBKASE GrAly 3¢ LIS Iy Rstammb @iy I £S5 SiE (i M
(largely from solar generation) ithe middle of the day, and discharging times of evenings

peak system demands.

UK regulatory approach to storage is attempting to keep abreast with a sudden explosion in

RSYIFYR T2NJ ol GdSNE O2yySOiAzyao CNFYRAGAZ2Y I |2
which batteries may add to maximum flows when both charging and disctiardi year ago,

0KS 9{hQa lFadadzxLlirzya OKIy3aISR G2 y2 f2y3ISNI I dac
rather, that batteries are unlikely to exacerbate peak imports or peak exports from

NEySéglof Sao 'G 5 A&dNR O dzil AchyiowfreSoth@iéndls thatk Sy S G 6 2 NJ
5bha 3INYyd ol GGdSNASa O02yySOilAz2ya 2F af26SN) £ SO

users. Clearly further updates may be needed as a greadwbtf batteries is underway,
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chapter.

¢tKS 02R& 2F NXaSI NOK R2Sa y2whativdRi§4bdtkesy 8 i® || RR NS 2
connected in Britain, and how might it affddt. Q& St S OnetM@rkSE, becaud m& NJ
addressneitherthe real financial incentives that are likely to drive the actions of batteries

the extent to which these incentives may coincide with or differ from a network or system
2LISNF G2NDa RSAANBR FOlAzyao

More specific unanswered questions include:

1. What activities might a sheduration batteryin GBengage ir(i.e. Research Question 1)

This question is addressed in Chapter 3.
2. Would greater deployment of batteries in @GBerentlyact in ways which:
(a) relieve network congestion, and potentially avoid or delay network reinforcement, and /or

(b) enable greater renewable deployment and / or greater demands from electrified heat and

transport, with existing networks, and / or
(¢) improve or maintain network reliability standards?

These questions inform Research Questions 2 afdé findings of Chapter 3 provide some
background.Question 2(a) is addressed in Chapte(e§arding transmission congesticemd
Chapter6 (regarding Distribution congestiandhapters whictvegin toaddress questions 2b

and 2c.

3. Do existing price signals in GB act as proxy signals of network congestion, and thus

incentivise a selinterested shortduration battery to relieve network congestion?

This questiorg related to Research Question 2s addressed iGhapter 5, regarding
transmission network congestigfor one natiorscale case study locatigrgndChapter 6,
regardingselectedexamples of distribution network congesti@ior six separate distribution

casestudy circuits)
4. Might greater deployment of batteries have any negative effects on networks?

This questiom essential for answering Research Questieisdaddressed in Chapters 5 and 6.
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5. If deployment of batteries has any negative effects on networks, what mitigation measures

might be appropriate?i.e. Research Question 4)

Chapters 7 and 8 explore some potential approache
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3. Chapter 3 Battery activitigla GB what are the options?

Chapter summary

There are over 3 GW of gritale batterie¥ deployed in GB in 2023/2024, with proposed

future battery projects of aggregate capacity of at leasi880GW, and projects at the scoping

stage of around 120 GW. The scale of current and proposed battemyutgtiresents

significant opportunities andhallenges to system and network operators, and makes an

dzy RSNE Gl YRAY3I 2F ol GGSNASAQ tA1Ste FOGA2ya AYLE

Thus it is important for network and system operators to understand the likely actions of
OdzNNBy i |yR FdzidzNBE ol GGSNASaz (G2 dzy RSNRGlI YR o6 (

Batteries and other storage assets can engage in a variety of activities to accrue income.
Battery deployment in Great Britain began at pace with the introduction of Enhanced
Frequency Response in 2017, the first GB frequency response service to regpoase

within 1 second, whose providers were entirely batteries. Since then, various fast frequency
response services allowed excellent financial incomes, of up to £800 / MW / day in summer
2022. However, greater numbers of batteries entered these sesvinarkets during that year,
and clearing prices fell to around £28800 / MW /day by the end of the year. Under such
conditions other revenue streams potentially become more attractive. By the end of 2022,
over 20 grid scale batteries were operatimgGB and had engaged in wholesale trades during
the year. Some of these batteries also performed Balancing Mechanism trades, but generally
far less often. Another potential income stream is the Capacity Market. Network Use of
System credits for expartg at times of high network demand charges, or, for batteries sited
0SKAYR (KS YSGSNI2F | I NBHS RSYFYR aAiGS> | @2ARI
demand charges, may also supplement other income streams. Provision of DSO flexibility

serviceds a further option in some localities.

In short, there is no single answer as to what activity a rational battery would engage in.
Astute operators are likely to engage in multiple activities, and to move between madsets

mentioned in Chapter.2Engagement in wholesale trading activity was an activity numerous

Yp2 I OOSLIISR REGAYSIoRYIENASEANARI & 0SSy AR
Go GGSNASE 2F | aAl S 6a2 2Nl a2Ku gKAOK Oy
operator or a distribution network / system operator, which can participate in wholesale trading
I OGADGAGASEaE D
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batteries engaged in during 2022, suggesting it was a financially viable option. This activity is

investigated in the following chapter.

3.1.Introduction
As outlinedin Chapter2, batteries and other types of storage providers have the potential to

provide a wide range of important services to electrical power systems, summarised, for
example, iN56]¢[58], [103]

In Britain, batteries and other storage assets are classed as genefddis Under the rules

2F .NRAGFAYQa StSOGNAROAGE aeadSyYy dzyodzy Rt Ay3 | yR
separate from owners of generatidth05], a principle which has been extended to distribution

network owners and the lateseparated ESO. Thus (with few excepttbfi06]), batteries

and other storage assets cannot be owned and operated by network owners or the ESO.

Operators of networks and the system, however, can enter into contracts with storage owners

for the provision of services. CEER, the Council of EuropeagyHRegulators, states such

separation of ownership is desirable, because, in its view, any participation of a DSO in a

competitive market, for example for a flexibility service, would be a conflict of interest and

would introduce a risk of market distooh, ariskthatt Ydza 4G 0S | 92 ARSER HKSNB IS
[107].

Thus, activity of any battery or other storage asset needs to serve the needs of its owner, for

whom its actions must be financially viable.

This chapter presents the current level of deployment of batteries (and other-Ergke

storage facilities) in GB, and of projects awaiting connection. It continues with an overview of
the range of activities batteries engage in, in several countmedding within the GB system.
This chapter then describes battery activity, or potential for activity, in the following activities

within the GB system, with an emphasis for conditions during 2022, the year of study:

11 Exceptions where a network owner may own a storage asset include: CategstyrAge assets on

geographical islands (other than mainland GB); Categedy 8 2 NI 3S | 4aSGa F¥2NJ I aaLISOA
FOGAQGAGEE adzOK | & dzy Ay (eBdyMbahisel(such 8ssdidmbeing Bidorasdgl LI & 2 NJ S
prohibited from engaging in any market activity); and CategorgaSes specifically authorised by the

regulator. Network owners seeking Category C authorisation would need to demonstrate they have
takenreasonaf S aidSLJA (G2 FAYR I YIFEN]SG olFaSR azfdziazys (K¢
Yy2ald SO02y2YAO yR SFFTAOASY(G az2fdziazyeézr FyR GKI G LINE
discrimination or distortion in markets. Permission may also be grafiatedinovation projects (with

past examples includin@79], [280).
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9 Frequency regulation, frequency response and reserve sergitragitionally the main
activity and income stream for batteries

1 Balancing Mechanism and wholesale trades

1 Capacity Market

1 Use of System network chargepotentially credits and / or reduced charges

9 Flexibility services for DNOs / DSOs

This chapter concludes with a summary of the main options for a battery owner, with an

indication of potential revenues from some of these activities.

3.1.1. Battery deployment in Great Britain
The deployment of grigdcale batteries in GB has risen from near zero in 2016 to over 3 GW,
F O0O2NRAYy3 (2 G4KS !Y D2@SNYyYSyidQa 5A3Said 2F Y

o)

2024), surpassing the capacity of pumped hydro storage in 2023, asishdable3 [36].

Table3 Grid scale batterd? deployment in the UK. DUKES 2024 table 5.186] All figures in MV,

Year | 2015 2016 | 2017 ] 2018 | 2019 | 2020 | 2021 | 2022 | 2023
PHS | 2,744| 2,744] 2,744] 2,744] 2,744] 2,744| 2,744] 2,744] 2,744
Battery 0 0| 108] 487| 676 914]1,280] 1,933] 3,465

The capacity of gridonnected batteries is expected to rise considerafigble4 lists

aggregate battery capacity totals sourced also from UK Renewable Energy Planning Database

(REPD) October 202#08]= (G KS b9{hQ& ¢N}yaYAaaAr[@Nandy dNE /| LI
Embedded Capacity Registers (ECRs) from all the DNO own@8|¢p&]. All sources were

accessed 121 November 2024. These sources suggest future projects of-alané

batteries totals of 59 GW (REPD), 82 GW (DNO ECRs, of distrinrtwected projects), and

the NESO lists 11 GW of proposed transmissiimmected progcts, and almost 120 GW of

ddzOK LINR2SOGa Ofl aaSR a aalO2LAy I 90SYy GKSA&-

2¢KAa 5! Y9{ RIF{GF GrotS adriaSa GKIG avylrtt WoSKAYR (K
commercial properties are excluded.

13 DUKES figures include Northem lIrish as well aloGBed assets.

14 Total capacity in MWh is unavailable. MWh capacity from the largest station, Dinorwig, is estimated

at 8.6 GWh, based on 5 hours of operaf@Bil] The other station owners do not state durations of

operation.
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capacity of proposed projects because some of the project entries, especially on the REPD
register, do not include a MW capacity. Further details are appe@lapter 3Annex 1
Table4 Current and projected aggregate capacity of gridhle batteries in GB, by development status. DUKES

figures include all types of battery installations. REPD and NESO figures refer only ialatenioattery projects.
5bhaQ TA3dNB& phectsiMhichzhe battefy is he firitheByMNeBergy source.

Operational status Aggregate battery capacity, MW
DUKES REPD NESO: DNOs: ECRs
[36] [108] | TEC Registé43] [37]¢[42]
(Transmission (Distribution
connected connected
only'®) only)’
Operational / Built / Connected | 3,465 | 2,080 706 3,279
Under construction - 3,837 230
Consents granted - 24,958 4,594 82,042
Planning decision awaited - 30,083 6,452
Scoping - - 119,687 -

Even allowing for likely project attrition, the scale and pace of this expectedubdf

batteries to the GB grid presents great opportunities, but potentially also challenges, especially

for distribution networks, to which most of the proposed projeat® likely to connect. Itis

therefore important that network and system owners and operators have some foresight of
oFGGSNRASaQ tA1Ste deLlSa 2F OGA@AGes (2 AYyTF2NY

The duration of the batteries (i.e. the duration for which they could discharge, i.e. export
energy, at their full rated capacity, without suffering accelerated degradation or damage) is
generally not listed in any of the above data sources. Howevetatesdsn Chapter 1, Rho
Motion and The Faraday Institution reported in 2023 that the majority of UK batteries are
lithium-ion based, a finding the IEA reports is also the case wuide [44], [45] [44] reports

lithium batteries having discharge durations of 30 mins to 4 ho[89] cites the US

15 DUKES figures include Northern Irish as well abo@Bed battery projects. All other fields are for GB
projects only.
Be¢KS FAIdzZNBA NB dzaAy3a a5ANBOG /2yySOGaé¢ GzaFfta FTNB

17 Al figures are for projects of capacity 1 MW or greater. The DNO ECRs list only two project statuses:

6/ 2yySOUGSRE FyR 64! OOSLIISR (2 O02yySOiéd 4! OOSLIISR
Planning authorities. The totals listed here usesle O2 f dzYy d&al EAYdzY 9ELR NI / I LI O
G/ 2yySOGSRé | F3ANBIAFGS OFLI OAlGes FyR O2fdzyy a! OOSLIiI S

aG! OOSWIISR G2 O2yySOit¢ F3IIANBIFGS OF LI OAGED
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Department of Energy Global Energy Storage Datafdd€¥, accessed November 2022, for
durations of various storage technologies, and stated the median duration of deployed lithium
ion battery projects was 1.3 hours, with the'2&nd 75" centile durations being 0.7 and 3.8
hours respectively. (Lead acid battery projects had similar durations: medidcgBfile and

75" centile durations of 1.6, 0.7 and 4.1 hours, respectively).

Looking forward, the IEA expects innovations in lithium ion batteries to continue, and that

longerR dzNJ (i A 2 y ¥ toRldremarbelns sSokeBkBirdughiitechnology for stationary

storage ® {AYAfFINX&zZ wk2 az2iA2y FyR GKS CIFN}RI& Ly
G§SOKy2t23ASa | a 0SAy Auraid daxaids ghithis TechgologyK 2 G K SNJ & K 2
expected within 15 years, and that several types of longtiration (hrsdays) fow batteries

may become commercialised in6lyears (from Sept 2023)

Thus, it is expected that batteries deployed in GB will continue to be those of a similar, short
duration, unless or until longetduration batteries or other types of storage become more
economically attractive. Thus, this chapter concentrates on liketlyigy of short duration

batteries, of duration up to 4 hours.

3.1.2. Potential revenue streams for batteries and other storage assets
Schmidt and Staffell state [A09]thata § KSNBE A a y2 &dzOK (GKAy3a +Fa | G&@
that markets, structures and incomes vary across jurisdictions. This source includes a chart
which gives broad comparisons between main revenue streams available for storage (of all
types) in GreaBritain and three other countries, based on 176 individual publications in 2018
and 2019. Each data point on this chart refers to a valuation of a grid service reported among

the studies reviewed.
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18 The following notes are stated [(09] for their Figure 6.2, reproduced above Figjure5.

The value of different electricity storage applications across four major markets. Data are

taken from 176 individual valuation studies and published market transactions as compiled by
Balducci for the United States and Housden for Great Britain, Geruashy@ustraliaThe
specifications of each application vary across the individual studies and are not necessarily
aligned with the definitions given in this book. The scope of each study also varies in terms of
the timeframe and market considered (as the United Statesfargdralia have multiple

electricity markets). All values are presented in USDBykWf even for applications which are
remunerated by energy discharged rather than power capacity, as this then incorporates device
utilization. A value of 100 USD/kY¢ar carbe interpreted as a 1 MW system receiving USD
100,000 annual revenue from service provision.

Unless provided in the caption above, the following copyright applies to the content of this
slide: Monetizing Energy Storage. Oliver Schmidt & lain Staffell, Oxford University Press. ©
Oliver Schmidt & lain Staffell (2023). DOI: 10.1093/0s0/978019288813.8006This is an

open access publication, available online and distributed under the terms of a Creative
Commons AttributioiNon CommerciaNo Derivatives 4.0 International licence (CENBYID
4.0), a copy of which is available at https://creativecomshong/licenses/bync-nd/4.0/.

Subject to this license, all rights are reserved.
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Figure5 cites two references: The firdtl11], written in 2018, sets out a taxonomy of energy
storage value streams, in the context of electricity systems and their associated markets in the
USA. The second refereAtewith European and Australian comparisons, is a 2019 UK

published report, which unfortunately is not available.

Given the lack of availability of source material, and the change in some of the services,
charges, and prices in the GB power system since the source material was written, the
adSO02y2YAO @I Figdrésare Welvadgiisaution, fhgugh they nevertheless

provide a useful illustration of revenue streamvhich may beof interestto storage owners.
In this chart, the reader can see

9 estimates of he potential economic value of 13 different identified serviaas
activities which storage assets could engage in, in therftankets
1 an illustration of whichactivities may be more or less common, and more or less
financially rewarding in the founarkets
1 an indication of the range of remuneration, in some caa&sry wideone, for
provision of the same or a similar serviteS 3 ® & F NS Ij dzSy Othe NS I dzf | (A 2y
same market
1 both similaritiesand differencesn services, products and opportunitiasrossthe four

markets

The mainvalue streams from this chart which are applicallé&sB are listed ifiable5. This
table refers to the sections of this chapter (and following chapter) where the services are
elaborated. Examples of potential revenues from all relevant services in GB, where

enumerated, are summarised at the end of this chapter.

19 Housdenl. An Evaluationof EnergyStorageProfitabilityin the United Kingdom ,Germany Australia
andthe United States(London: Imperial College London, 2019).
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Table5 Potential value streams for storage assets, baseBigore5: services and revenue streams available in

GB
Potential value | GB servicer activity Comments Section in
streamlisted in this chapter
Figureb / chapter in
this thesis
where
elaborated
Frequency Frequency response Section3.2
Regulation & services,
Response Fast Reserve
Voltage support| Providers may be Not identified inFigure5 as a Not
accessed via the Balancil relevant revenue stream for | elaborated
Mechanism. storage in GB
Pathfinder ancillary
services trials in a few
locations
Peak capacity | Capacity Market Section3.4
Black start Black start / restoration | Figure5 presumed torefer Not
to synchronous hydro / PHS| elaborated
service providers in GB
Ramping Longer duration reserve | Relevant to longeduration Not
reserve services PHS / hydro rather than elaborated
short-duration batteries
Congestion Balancing Mechanismm Section3.3
relief ESO actions to manage
Transmission | grid constraints Section3.3
deferral
Distribution Potentially a DSO Section3.6
deferral flexibility service
Network Transmission System Us( Not identifiedFigure5asa | Section3.5
charges of System (TNUoS) or relevant revenue stream for
reduction Distribution Use of storage in GB.
System (DUo0S) charges
Energy Energy arbitrage, more Section3.3,
arbitrage commonly called Chapter 4
GoK2f SaltsS
Time of use bill | Reduction of TNU0S and| Potential for the highest Section3.5

management

DUoS charges or gaining
of credits

incomes from this revenue
stream has much diminisheq

since 2021.
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Ly a9y SNHe { (2N} 3S bSG62N] ¢ AYRAZAGIGNER O2yFTFSNBy O
online), discussed options and revenue streams for storage assets, in a GB ¢bh2¢xt

Frequency response services, long the main revenue stream for batteries, were being offered

by increasing numbers of market entrants, causing market saturation and lower prices towards

the end of 2022, conditions that were expected to persist. Indusanyicipants believed that

December 2022 was the first occurrence of conditions in which storage assets could accrue

higher overall incomes from wholesale trades than from frequency response provision. The

presenters and delegates discussed the needsforage assets to jump between different

revenue streams (frequency response, potentially reserves, and wholesale and Balancing

Mechanism trades), ideally-day, to achieve the best revenues. There was agreenhert

future revenue streams were increasingly difficult to predict.

The rest of this chapter discusses the madevantactivities from the perspective ofia

owner of abattery located in GB These activitiesare: frequency response and reserve

services, wholesale trades and Balancing Mechanism, Capacity Market, Use of System avoided
costs or credits, and DSO flexibility servicestential incomes a battery could accrue from

some of these services are enumerated, and summarised at the end of this chapedrlaeid

and the rest of SectioB.7.

Three case study periods during 2022 have been selected for detailed analysis in this and the
following chaptersas shown iTable6. The year 2022 was chosen, as the year in which this
study commenced, and also a year of exceptionally volatile wholesale prices at times, making it
a year of great interest. Case study periods were selected to illustrate different seasons, with
different conditions of weather, in particular wind generation, and differing patterns of system
demand. The wholesale electricity price is fundamental to the work in the following chapter,

of Scottish windyenerationavailability tothe work which followsin Chapter 5, and of patterns

of wind generation and demands in selected local areas in Chapter 6,7 & 8st@hge

periods, rather than the whole year, were chosen, because of lack of access to a wholesale

price dataset, as described further in the followirtzapter.
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Table6 Case study seasons

Season Start | End | ScottishBM® Wholesale electricity | Weather
date date | Wind availability | prices
(combined
onshore and
offshore)
a{ dzy Y| 26 29 Jun| Low for most of | Relatively low and with | Mostly
May 2022 | the period, with | low volatility for most of| sunny and
2022 several short the time, with a few warm
duration high episodes of small price
wind episodes spikes or dips.
G ! dzii dz 25 29 Oct| High for most of | Significant volatility Mild and
Sept 2022 | the period, with | during early part, with | windy
brief lowerwind | prices becoming lower
interludes. and calmer towards the
end.
G2 Ay i|17Nov| 21 Moderate to fairly| Initially moderate. Very| Mild and
2022 Dec high at the very | high price spikes during| windy, then
2022 | start and end of | the early evening peak | very cold
the case study. A| on a few days during and calm,
prolonged (cold) | late Nov and early Dec.| ending on
low-wind period | The early December milder
in the middle, cold snap saw high windier
with nearzero prices with a large weather
wind for a few diurnal price range.
days. Prices fell sharply near
the end of the case
study period,coinciding
with a change in
weather.

This chapter also summarises thetivities of gridscale batteries that were active in GB during
2022, during the whole of the year, and in particular during the case study periods. Potential
incomes a battery could accrue from wholesale trades during the same case study periods are

enumerated in the following chapter.

20 Balancing Mechanism (BM) is described in Se@i&13.3
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3.2.Frequency Regulation, Frequency Response, and Reserve services
Frequency regulatiorfrequency response and reserve services are among the suite of
ancillary services which the System Operator procures as it needs. These services are
necessary to keep the steady state system frequency within the statutory frequency range
(within 0.5 Hof 50 Hz), and to limit the magnitude and duration of transient frequency
deviations, as set out in the Security and Quality of Supply Standard (RQ8S)he roles of

these different services are illustratea Figure6 and Figure?.

Frequency control process

Replace exhaused response
and reserve services

Recover the frequency to Restore the frequency to
+/-0.5Hz within 60 seconds +/-0.2Hz within 15 minutes
50
Time

‘9

Frequency (Hz)

Regulate the
steady-state 49.8
frequency 9.7
within the range ’
of +/- 0.5Hz 49.6

49.5

Contain the frequency for
events and to standards set
out in the FRCR

Il Regulation Il Containment Il Recovery I Restoration Il Replacement

Figure6 Frequency restoration procesReproducedlB Y b D220 @rability Strategy Repoift] 14]
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Use of Balancing, Quick and Slow Reserve

Hz

Dynamic Moderation
assists with keeping frequency within 0.2Hz,
especially during more volatile conditions
> Dynamic Regulation
assists with keeping frequency near
to 50Hz during normal conditions

N\

used to recover frequency
back towards 50Hz

\ Balancing Reserve

replace activated reserves,
and recover frequency to 50Hz
Balancing Reserve
replace activated reserves,

\ and recover frequency to 50Hz

Slow Reserve
recover frequency to 0.2Hz
within 15 minutes

Dynamic Regulation
assists with keeping frequency near
to 50Hz during normal conditions

Dynamic Containment

prevents frequency deviations outside
492 -0.8Hz / +0.5Hz following large losses

\

Static Recovery
recover frequency to 0.5Hz
within 60 seconds following
large losses

Figure7 Overview of Frequency regulation, frequency response and reserve services. Reproduced from NESO
awSalLkryasS wST2N)Y w2bRa4K2¢ &t ARSA¢€I wHnAwunN
321 LYGUNRPRdzOGA2Y (G2 D. Qa CNXBIljdzSyoe wS3dz |
services
Frequencyregulationservices Dynamic Moderation and Dynamic Regulation are designed to

operatepre-fault, as illustrated irfFigure6 and Figure7, as set out by the ESO[il6].

Frequencyesponseservices ar@ostfault services, knowh &8 G CNBljdzSy 0& /2y il Ay Y.
WSASNIBS&aéx 6 KAOK b D9dgnhhe éontdxidBaancing JeSiceRSFAY Sa | a
[Frequency Containment Reserves are]Abdve Powereserves available to contaBystem

Frequencyafteri KS 2 OO dzNNXB y O $117, &soillugtrateavindiguireb ahdFiyére?.

Frequency regulation and response services all respond automatically-thefireed

conditions of system frequency, with response times ranging fromssadond (Dynamic

I 2y GFAYYSYyG FYyR 58ylFYAO a2RSNI A2y 0 (2 ond 0aa¢
Frequency Response (MFR) and Firm Frequency Response (FFR) portfolios). Response is time

f AYAGSRXI NXBIdZANBR (2 fFad FTNRBY Hnad o6aCw | YR LINX
minutes (Dynamic Regulatiof)18]¢[123].

Frequency response services have always been necessary for secure operation of a power

system, to respond to a sudden major disturbance and prevent system frequency falling (or

rising) outside of agreed limits. Declining system inertia is necessitasitay-fecting response

serviced29]> | Yy SSR YSUi 0@ bD9{ h caitingfreqlentyPeBodnSdi A 2y 2 F
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products in recent years. Batteries are particularly veelited to delivering fast and time

limited response andre among the services providers.

3.2.2. Frequency response services: recent historical background and products
overview
Firm Frequency Response (FFR) has lieErBaditional frequency response suite used for
balancing grid frequency in real tifgl21]. Most products within this portfolio have been
discontinued as the fastdr Ol A y 3 §frBqyidRcy &edullatip® and respons&]S NJOA OS & ¢
have been introduced, described beloMandatory Frequency Responge?2], [124]has long
been in place, but is usuallyocured fromthermal generators, requiring them to increase (or

reduce) outputat times of system need, and is of little relevance to batteries.

Enhanced Frequency Response (EFR) was the first service in GB that required regponse
both high and low frequency eventsit speeds of up to 1 second, including a maximum
activation delay of 500 ms, with response to be sustained for 15 minutes. AdatBrid ran a
single auction for Enhanced Frequency Response (EFR) in 2016, for contracts of four years
[125]. National Grid stated it was agnostic to technology, location and connection voltage of
applicants, and allowed bidding from plants not yet operational. Delivery started between
April 2017 and March 201[826]. All successful participants were batterj&26], [127]

C2ft2oAy3 GKS 9{hQa NBOASsa [29]Focusifigdn fiequende & SNIJA (
response and reserve services in particular during 2201[128]¢[130]z | adzA S 2F a Sy R
a0l 6S¢ FTNBIljdzZSyOe NBalLlkRyaS aSNWAOSa B4 RSOSE 2 LIS

1 Dynamic Containment (DC),

1 Dynamic Moderation (DM),

1 Dynamic Regulation (DR).
lff GKNBS aSNBAOSa KI @S aKAIKE |yR af26é¢ O NRIy
SoSyiazr NBALISOGAPStes AdSd af26é aSNWBAOS oSo3ao
O2yadzYLIiA2Yy 0 YR | GKATKE ASNIDAOSeéndgyad a5/ | £
A Y L2 NI ® G[26¢ YR aKAIKE NBalLRyaS aASNBAOSEA | NE
response to commence within 0.5s, and full power within 1 s; DR can react more slowly,
starting within 2s and delivering in full within 10s. National Grid B&hed the first

product of the suite, Dynamic Containmgdtl8], in 2020, and in its current form in autumn

2021. Significant volumes of DC are procured throughout every day. The complementary
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services Dynamic Moderation (Df)19]and Dynamic Regulation (DR20] were launched in
spring 2022. National Grid publishes market data for the DC, DM and DR alit82h$133]
including participants, prices offered and clearing prices. All prices are for availability; any

energy delivered is reimbursed according to thalance pricdor that Settlement Pedd?™.

¢KS NBaid 2F (KAa a80GAz2y T20dasa 2y LRGSYGAL €

\

a0l 6S¢ FTNBIljdzZSyOe NBaLkRyaS FyR NB3Adz I GAz2y aSNIAC

indication of revenues a battery may accrue from frequency responsecest for comparison
with other activities, rather than an idepth comparison of alternative frequency response
services. Thus, incomes from FFR, a service which is being pha®edralibther frequency

response services, are not enumerated.

7

323. A9YR a0GFGSé¢ FTNBIdzSyOe NBaLRyaS aSNIIA (

Dynamic Moderation, Dynamic Regulation

3.2.3.1. Potential revenues: Clearing Prices
All three products are traded on in an online auction, which run between 2 weeks and one day
ahead. Service provisionis k42 dzZNJ ¢ 9 C! ¢ 069 f SOG NR Onitnidgs F 2 N¥ I NR

shown inTable?.

Table7 Timings of EFA blocks, for DC, DM and DR provision

EFA block Start time End time
1 23:00* 03:00
2 03:00 07:00
3 07:00 11:00
4 11:00 15:00
5 15:00 19:00
6 19:00 23:00

*  Preceding day

Timeseries charts for the clearing prices of availability payments for all three products, low and
high, from October 2021 through till May 20pB3] are displayed ifrigure8. This figure
shows thetimeseries andrend, over a year and a half, tfe clearing prices for thsix

servicesfor eachEFA (i.e. time of dayjock

2 Imbalance prices for any settlement period are influenced by any Balancing Mechanism Bids and / or
Offers the ESO accepts, and the costs of any other balancing services. More information is available
from Elexon her¢282]

2hyte 4{GFGAO CANY CNBIdSyOe wSaLRYy&S X146l OdzNNBy (it &
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Figure9 shows summary statistics for clearing prices for each product, for each EFA block,
throughout the same period, or, for the products which commenced activity later, for the

duration of their period of activity.

Median prices for the products ranged from around £0 to £20 / MW/h availability price, with
slightly higher mean prices. The better performing products (DCL, DRH, DRL) had occasional
much higher prices, exceeding £50/MW/h, and very occasionally, £18te icase of DRH and
DCL.

From autumn 2021, there were relatively high and consistent clearing prices for DCL, the
highestvalue service, up until April 2022. Thereafter, prices for DCL were variable, with the
highest prices normally for EFA block 5 (early evening) sometimesdingeil 00/MW/hr.

From October 2022 into spring 2023, high price spikes occurred occasionally, but prices
generally remained low. DRL and DRH had similar patterns from their introduction in April

2022. DCH, DML and DMH had much lower prices.

Prices varied considerably between EFA blocks on some days, with late afternoon EFA block 5
having the highest prices for DCL, DRH, and occasional price spike for DCH. EFA block 3
(morning) had occasional high price spikes for DCL, and EFA 2 (veryaraityg)for DCH.

Mean daily revenues for each of the products, over the date range from 1 October 2021 (or
the date at which the product was launched, in the cases of DM and DR) up until 3 May 2023,
are shown, split by EFA block, kiigurelO, and in total across all 6 EFA blockssigurell.
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Figure8 Timeseries ofuction clearing prices for DCL, DCH, DML
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(c) DML(7 May 2022 to 3 May 2023)
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(d) DMH(7 May 2022 to 3 May 2023)
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Figure9 Summary stats for auction clearing prices DCL, DCH, DML, DMH, DRL, DRH, Octgddag@2p3%3
Data from[133]

23 All statistics are based on the blocks where orders were executed. For DM and DR, there were
numerous days on which some or all blocks were not procured. These figures do not include such blocks
in calculations.
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Average revenue per day, per MW,
for each product & EFA block,
between 2021-10-01 and 2023-05-03

120

100 1 .

=
10

& x
288

EFA_1 EFA_2 EFA 4 EFA S EFA 6

~
[

20 1

Average revenues per day, £ / MW
3
.
:}-q"*'

»ISEC
>3
I

EFA block
DCH DMH <57 DRH
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Figure10 Averagé* daily revenue, split by EFA block, for provision of DC, DM and DR frequency response services,
between 1 Oct 2021 (or date of service launch, when later) and 3 May 2023. Datfl38n

Average daily revenue from service provision,
between 2021-10-01 {or product launch date if later),
and 2023-05-03

400 1 X

300 1

200 |

i B

DCH DCL DMH DML DRH DRL
Frequency response product

Average revenue per day, £/ MW

— mean daily revenue, over blocks in which service was executed
>< mean daily revenue, over all EFA blocks with a cleanng price
B mean daily revenue, over all possible EFA blocks in date range

Figurell Average daily revenue, total across all EFA blocks, for provision of DC, DM and DR frequency response
services, between 1 Oct 2021 (or date of service launch, when later) and 3 May 2023. D4te38bm

24 Mean daily revenue, based on total revenue, and total number of days in the date range over which
service could have been procured. The denominator includes days on which no service was procured.
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In Figurell, the additional mean daily revenue figures, higher for DM and DR occur because

on some days the market did not clear (e.g. the ESO chose not to procure some of these

services during some EFA blocks on some days); on a few other da9s{theQa RI (I aK2g
market cleared but no blocks were executeds unclear why this happenedexcluding the

days of no service provision from the calculation of average revenues would result in higher

average incomes.

These charts show that frequency response provision was a viable regemaeating activity
for batteries throughout 2022, though potential incomes declined toward the end of the year

and remained lower into 2023.

3.2.3.2.  Potential revenues from DC/DM/DR frequency response provision
RdAZNAY3 GKNBS adOFasS adagdzRéeé¢ GAYS LISNRA2RA
The following chapter of this thesis explores potential net revenues a battery could accrue by

engaging in wholesale trades, during threev&ek case study periods during 2022.

For comparison, the potential revenues a battery could accrue if engaged in frequency

response provision during those dates are enumerated below.
The dates are:

1 & { dzY Y S N6 Mayc 29 June 2022, inclusive
1 a! dzi dzY y26 September, 29 October 2022, inclusive
&2 Ay G S NF Movember 21 December 2022, inclusive

Timeseries of potential revenues for DC, DM and DR, for all the EFA blocks, during each of the

three above case study seasons, are show@hapter 3Annex 2

Figurel2(a) and (d), andrigurel3(a), show timeseries clearing prices for the frequency
response servicwith the highest overall pricegver the summer, autumn and winter case
study periods, respectively.Figurel2 (b) and (e), andrigurel3 (b), show potential average
daily revenues for each frequency response product (averaged over the whole of the time

interval).

Clearly, average prices owesich 5weekcase studyperiod maslkdays andeFA blockef much
higher and loweclearing pricesand blocks of no service procuremeas illustrated in the
timeserieschartsFigurel2(a), Figurel2(d) andFigurel3(a), with results for all frequency

products over the case studies shownGhapter 3Annex 2However, the calculation of
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averagepotential revenuegper day over the cases study periods for these services is
nevertheless useful, taid comparisorof potential revenuesvith an alternative activity,

wholesale tradhg,over the same case study perioftiescribed in Chapter 4).

Figurel2(c) and (f), andrigurel3(c), show average total daily revenues which would be
accrued by offering each service for all EFA blocks, for the whole of the summer, autumn and

winter case study periods. These values are tabulatélthivle8.

Table8 Summary of potential revenues from frequency response service provision every day, across all EFA
0f 20142 RdAINAY3I aadzYYSNES Gl dzidzyyé | yIB3l a6 AY(iSNE Hnuuw OFas

Case Average daily potential revenues, £/ MW / day (averaged over whole tim
study interval)
period DCL DCH DML DMH DRL DRH
Summer £848 £93 £33 £51 £462 £391
Autumn £280 £59 £40 £109 £240 £108
Winter £208 £108 £34 £134 £272 £166
Key: Most lucrativeservicefor that season

Second most lucrative service for that season

Next most lucrative service for that season

Least lucrativeservicefor that season

These totals should be regarded as minimum levels of potential revenkigsirel2 (b)
illustrates that in summer, DCL outperformed all other products in terms of revenues for its
providers over all EFA blocks. In autumn and especially in winter, however, different
frequency products cleared at higher prices over different EFA blookayerage, as shown in
Figurel2 (e) andFigurel3(b). An astute battery owner could increase income by offering
different products at different times of day. Furthermore, prices for all EFA blocks varied
considerably from day to day, dkistrated inChapter 3Annex 2 Further revenue
improvements could be made by changing offerings from day to day, as well as offering

different products for different EFA blocks.
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A batterymaybe able to offer both high and low services at the same time, particularly for the
shorter-duration DC and DM servica$it starts with and can maintain a suitable state of

charge. Ay such offering would be subject to compliance wifie E® Qa NXzf S& 2y o+ G4S
state of charge and energy store through the EFA block in pB¢[136], rules later

amended, 2025 rules shown [ih37].

¢tKSaS FTNBljdzSyOe NBaLRyaS LINPRdzOGAQ NHzZ Sa | faz ¢
any service delivery, to avoid any further system disturbance in the aftermath of an initial

event requiring delivery of response services. Such restrictiorysamaplicate simultaneous

high and low service provision. Agur battery would not be able to offer simultaneously

high and low DR at full capacity (i.e. maximum MW), because it would be required to have
GNBASNWSR O LI OA (& ¢ HhoaindothHiedibns )N didodoslawy T2 NJ 2 3S N
recharge[137]. Batteries can offer services at leéban-full capacity, though offerings must be

in whole numbers of MW.

3.2.3.3.  Participation ofbatteries in frequency responservices
¢KS 9{hQa alNJSG 51045 ¥F2NJ GKS 5/ 5a lyR 5w

identifier for each uni{132].

QX
(0p))
—

Unfortunately, this dataset does not list the technology type of participants, thoughbrime
OFasSa GKS 24y SNRa yI YS 3domNeoyrikis are gededic®iGeigyl & Sy SNAC
service providers or aggregators. iFHatasetistsaround 72 uniquedentifiers, assumed to

be unique servicgroviders®.

However, hese 72 unique identifiers / providemclude 19 identifiers whichlsoappear on

the list ofbatteries engaged in a completely different pair of activities, Badancing
Mechanismand Wholesale tradesactivities which are described in Sect@B. The latter list

does state technology type of participants. There were 23 batteries which engaged in at least
one wholesale trading or Balancing Mechanism aatioring 2022 with one additional

battery whichfirst offered frequency response services in early 2088yhich 19 had an

identifier which is also listed in the Market Data for DC, DM andIDiRassumed these same

identifiers, on the two listef different activities refer to the same battery units.

25 |dentifiers which appeared to be spelling variations of other listed units were not counted separately,
neither were entries which appeared to be aggregators or other provider types.
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Using this assumption, at least 19 battery units, but potentially up to around 70 battery units,

LINE ARERI SYRFNBIjdzSyOe NBaLRyaS aSNBWAOSa o0AdSo
during 20225 Of these, 19 also engaged in wholesale trades and / or Balancing Mechanism

activity. Most batteries which engaged in both activities started trading activities and

frequency response services within a month of each other. Of the 4 battehieh

participated in wholesale trades but did not offer frequency response services, all started

GNF RAYy3 02NJAYy 2yS OFasSz GN}YRAy3I NBIdzZ F NI o |

details are shown ilChapter 3Annex 3

3.2.4. Reserve services
Provision of Reserve services to the ESO is a further potential revenue stream for batteries.
Reserve services provide Frequency Restoration Regd@3@do the ESO, defined in the
9{ h Q& D NJinRhe toatéxSof Balanciry Services, [Frequdtestoration Reserves are]
the Active Power reserves available to restore System Frequency to the nominal Frequency
[117]. Reserve services are slower to respond than frequency response services, and are

normally required to extend provision for longer.

Of most interest to batteries would be afdstOi A y 3 NB a SNBSS aSNWA OS> adzOK
which requires response within 2 minutes, continuing for 15 min{1€9]. Market

Information Reports for Fast Reserve from 22821 show much lower prices than for

frequency response services, very rarely exceeding £200/ydMB]. However, no market

NBLRZNI&A F2NJ CHad wSaSNWS INB | GHAtrotsS 2y GKS

l{e)

Longerduration reserve service Shefierm Operating Reserve (STOR) could have been offered
by participants able to deliver for periods of 2 hours or more, which would be open to many
batteries, though most service delivery times during 2@3required lmger delivery times, of

up to 7 hours, which are ouf-reach for shorduration batteried141]. Short duration

batteries therefore could have engaged in this service, but only as an occasional or

supplementary revenue stream.
bD9{hQad NBASNWSaE LI2NIF2f A F14K[1438 0SSy dzy RSNI NB JA ¢

 Afasteel OGAYy 3 NBASNBS ASNWAOS y2i [M4d)hast  6f S RdzN

been in preparation during 2024 with its launch imminent at time of writing (late

26 Additional batteries may potentially participate via an aggregator
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2024). This and potentially other future reserve services could be an additional

revenue stream of interest to batteries.

f ! NBLJXFOSYSYyid F2NJ {¢hw> a{f2p@as5wmBta SNIBS¢> Aa |

suggested minimum delivery periods of 2 hours : this service may also be an option for

batteries and other storage assets, especially those of longer duration.

f ¢KS 9{h LINRLIZaS (2 AydiNRRdzOS I [146)S%% NB & SNBS

allow more procurement day ahead, intended to be allow cheaper service
procurement than using the Balancing Mechanisrday (described in the following

section). Few details are available.

In short, reserve services are a potential income stream, though they can also be provided by
other technologies with slower activation times and longer delivery times than batteries,
which could be expected to drive down prices. In some cases, requetaeiy times exceed

capabilities of shortluration batteries.

During the year of interest, 2022, reserve services were under review, and little market

information is available.

3.3.Balancing Mechanism and Wholesale Trades

3.3.1. Overview
Electricity is traded between generators and entities which use energy (Suppliers and large
RSYIFIYR dzaSNEUO fFNHSt& Ay oAfFGSNYXt GNIRSax

ahead and irday trades.

Transmissiorconnected generators, Suppliers, and certain other major entities are required to
register with both the ESO and the trades administrator ElexdBedancing Mechanism Units
(BMUs). BMUs are required to inform the ESO of their intended output (or consumption) of

electricity for each half hour Settlement Period, in a Final Physical Notification (FPN), prior to

g AGE

GIFGS Ot 2adNBé Iy K2dzNJ F KSFR 2F RSEADGSNE 02N O

The ESO uses the Balancing Mechanism (BM) as a tool to manage any imbalance between
generation and demand, and any other system operability constraints. BMUSs are required to
state the price at which they would increase output of electricity (or reduceamption), in

an Offer, or decrease generation (or increase consumption), Bidain the time between gate

closure and real time, the ESO accepts some of the Bids and / or Offers, as necessary for
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system operation, by issuing Bid Offer Acceptance notices (BOAS) to the selected BMds
[149].

Traditionally, BM participants were larger transmissamnected and larger distribution

connected generators, Suppliéfsand certain other entities, including financial organisations.
However, the ESO and other European TOs have taken steps to enable wider access to the BM,
and participants sized from 1 MW can opt to participate. Participation requires registrations

with the ESO and with the trades administrator Elexon, testing, and communications and
monitoring infrastructure with the ESO and Elexon. Small units may register aggesgator

or avirtual lead party as describeih [150]¢[152]

3.3.2. Potential revenues

Potential revenues from wholesale trades during selected periods of 2022 are enumerated in

the following chapter.

Potential revenues from Balancing actions have not been enumerated. Itis NGESO, not an
individual provider, which decides which BM participant to instruct to deliver an offer or bid,
so estimates of future incomes for any single service provider wouklbgect to significant

uncertainty. However, this would be a useful avenue of further work.

Transmission Constraints services
As described above in Secti8r8.1 the ESO uses the BM to manage a range of system

operability issues and imbalances between generation and demand.

In recent years, as more wind generation is deployed in Scotland, during windy weather, total

inflexible generation significantly exceeds both demand in Scotland and also transmission
ySGg2N)]l Qa OF LI OAGe (2 SELRNIU Strd&soathidSB/SNI (A2Y
LJ- NI A Odzf NI &8 | ONRaa (*kmBichadelimits thé thhsyiissiorisgisieth iy 0 2 dzy F
Scotland from that in England and Wales. (This thesis further explores implications of this

transmission constraint Chapter 5.)

The BM is used to manage this constraint. At times of high wind, generatmisnally windg

in Scotland (north of the constraint) are instructed to reduce output, while thermal generators

27 Suppliersn the GB system are the entities which perform the retail function of electricity, i.e.

purchase electricity in wholesale markets, and contract to supply residential andesatential end

users of electricity283]

281 3 RSAONAROSRET F2NJ SEIF YL S Ay (KS 9{hQ&a 9f SOGNAOAG
here:[274]
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in England (south of the constraint) are instructed to increase output. Both the turning down
of turning up of generation in different places add to constraint costs, costs which dominate
overall balancing costs, and which have doubled since 2018/201gdueth higher volumes

and higher wholesale electricity pricess illustrated irFigurel4.

Figurel4 Outturn balancing costs and volumes 2018/19 to 2023/24. Reproduced from NEJO

In[153], [154] the ESO states its expectation that high constraint costs will continue for some
years because of the time lag between installation of greater wind generation capacity in (and

offshore of) Scotland, and of additional transmission network capacity atnsssonstraint.

Deployment of batteries would be expected to reduce constraint castishe ESO would have
greater choice of which assets to constraint on or off and could choose lower cost options,
provided compatible with any other operability constraintsattBries located in Scotland,

north of the major constraintsyould be expectedo propose bids (generation turdown or

demand turrrup) of lower cost than most wind generatovghich provide this servicgnost of

which charge to turn down, to compensate for the ladgenerationpegged subsidy)An

industry report from 2024155] finds that some batteries BMUs in Scotland are indeed being
instructed by the ESO to provide BM bids (presumably at lower cost than other providers).
However concern has been raised that some batteries are being paid for managing a constraint
that is partly of their own makinfl56], acriticismthat couldperhapsbe made of other

generators The same industry report found that batteries, anywhere in &8of 2024were

very rarely used to provide BM offefgeneration turrup / demand turadown). This is clearly

an evolving area.

[153RSaONA6Sa G(KS 9{hQa | OtAzyas ¢gKAOK AyOfdzRS I
connections, over the coming years, atmhstraint management marketsuch as a D NJA R
022aiSNEZZ RSJ16M Ik dificR bateyles ar BthNPendddy storage assets near to a
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GNI yavyraarzy O2yadN} Ayl o62dzyRFNEB O0GKS da.cé
provide contingency or a posault service .

t20SyGALrt NBOSydzSa FNB y2i O2yaARSNBR KSNB:
case, if such services would be paid well enough, or be required for long enough, for a storage

asset to construct a viable business case.

3.3.3. Wholesale trading and BM activity among geimhnected batteries in
GB
Balancing Mechanism data for 2022 list 40 battery BMUs within GB, of which 23 had activity
(wholesale trades and or BM trades) during that year. Of these, only 7 had any activity in
January 2022; the others commenced activity later in the year, with 8mwimencing activity

until December.

The batteriesare listed inChapter 3Annex 3 together with dates of first frequency response,

FPN and BM activitie€hapter 3Annex Adisplays timeseries plots of FPN and BM activity for

all batteries active during 202ZChapter 3Annex Ssummarises battery activity (wholesale

trades, provision of DC/ DM / DR frequency response services, and BM trades, as a percentage
of FPNs) during three case study seasons in 2022, which are described in greater detail in the
following chapter. Annexe$and 5 shows that almost all batteries which participated in
wholesale trades also engaged in at least one balaraitign. However, all providers, the

volume of wholesale trades far exceeded that of balancing actions, though for a few batteries,
there were shorter periods during which balancing actions were significant compared to other

activity.

One immediate observation is that many batteries had very different patterns of activity at
different times. Many operated at capacities (MW) much below their maximum (taken to be

the larger of the highest export and the highest import FPN occurring g@@22) for

0 2 dzy

0 dzl

AAIYATAOL YOG LISNA2RE 2F GAYSO ¢CKA& Yl & 068 SELX

their capacity for different activities, as described in ChapteB@verabatteries® operated
with very small FPNgn order of magnitude lower than their maximuFPNsfor extended

periods. This activity could be accompanying frequency response service delivery, by

29 Examples include Port of Tyne, Roosecote, Kemsley, Pen y Cymoedd, and the two West Burton B
batteries. Timeseries of all batteries are shown in Annex 4.
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performing slow adjustments to or maintenance of their State of Charge, as required by

bD9{ hQ& NMzt Sa F2NJ FNBI|jdzSyOe NBaL}RyaSpowshP JARSNEA C
activity could be part of a commissioning phase. Several batteries hadded periods of

only or predominantly engaging in either imports or exports, even including BM trades, which

is surprising, but could be recovery from the delivery of frequency response ser@cese

differences in activity between batteries may be @ipéd bythe degree of access that they

haveto information andforecastsand the quality of such dateDifferingaccesgo ancillary

services markets orarioustrading platformgall of which have their ownegistrationand
approvalprocessesmay also explain some differences in actieiyer time, and between

batteriess | & O2dzf R (K S A NF prefefeSoddinQapgetieifdr s a8 Y2 RS
Operational constraints, such as specific cycling requirements or limitations to maintain asset
KSFftGK YR Kk 2NJ O2YLX @& SAGK &1 NN yiRsh@RYRAGA2YE
there is significant diversity of battery activity between batteries, and in some cases between

activity of the same battery at different times. Itis likelgyhare engaging in different

activities, including wholesale trades, but some features of their activity are hard to surmise.

3.4.Capacity Market

3.4.1. Introduction
The Capacity Market is a UK Government mechanism to ensure electricity system security in
the event of low generation conditiorf$3], [158] Providers, which could be schedulable
generators or demands, are selected at auctions, and are contracted to deliver generation or
demand reduction if required. Providers receive a steady income, but would face penalties for

any failure to deliver ifequired.

3.4.2. Requirements
Providers, (termedapacity Market UnitsCMUSs), are required to remain ready to deliver
capacity as required. In the event of expected generation falling to within 500 MW of
expected demand, the ESO would issue a Capacity Market Notice. A CMU is expected to
deliver its derated capacity, 4 hars after the ESO issues a Capacity Market Notice, for as long

as the system stress event lasts.

Definitions of esystem stress eventapacity market system stress eventd other relevant
terms are covered ifil59]and described ilChapter 3Annex 6 NGESO determines

retrospectively whether or not a Capacity Market System stress event occurred.
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To date, there have not been any Capacity Market events. Capacity Market Notices have been
issued, but withdrawn within the four hours between notice issue and required delivery.

Details of a recent example of such an event are included in Box 1.

Box 1: Example of a recent Capacity Market notice

Capacity Market Notice: 8 January 2025

In the most recent example of a Capacity Market Notice, tightginsfor the evening peak in
demand on 8 January were identified several days beforehand, as described by NEED in
(Themarginsrefer to the capacity of additional generation available and not despatched, an

which might, potentially, be needed in the event of an outage.)

Despite NESO actions of rescheduling planned transmission works to allow greater geners
capacity, on the morning of 8 January, output from wind and a thermal generator were low
than expected, and the forecast for the evening peak demand was rigiity these inday
changes reducing alreadight electricity system margins, a Capacity Market Notice, and als
Electricity Market Notice, were issued, around midday, for the forthcoming evening peak

demand period.

NESO then arranged interconnector imports, additional generation, and demand flexibility
services delivery, to cover the higlttmand evening peak. These actions increased the marg
on the electricity system, and both Capacity Market Notice and ElegtNtiirket Notice were
cancelled in the afternoon, prior to the high demand period, and prior to the expected Capd

Market event period. Thus, no Capacity Market actions from providers were required.

CMUs face penalties for unddelivery during a Capacity Market event, and there may be
rewards for overdelivery. Financial rewards from arbitrage would have to be extremely good
to make a first penalty worth incurring. However, if multiple events leapga within a month,

the monthly penalty for a CMU is capped at twice its monthly payment, so any failure to

deliver on additional CM events within a month would result in diminishing penalties.

Any CMUs providing ancillary services (e.g. frequency response or reserve) to the ESO during a
system stress event, or responding to a Balancing Mechanism instruction, are exempt from the

CM requirement to deliver additional generation or demand reduction.
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All rewards, and the continuation of CM registration, are subject to monitoring, information

provision and other actions stipulated by NGESO.

3.4.3. Auction results
Prices are determined at auctions, primaribd Tnominally 4 years ahead) and.Tnominally 1
year ahead). Each auction has a single clearing price applicable to all successful participants.
A technologyspecific derating factor is applied to all payents, taking into account likelihood
of nondelivery, with the greatest deatings applied to very shoduration storage assets and
some weatherdependent renewable generatof460], [161] Results of CM auctions for
delivery in year 2022/23 are tabulatedTrable9. Results of auctions for delivery the following
year, and results of auctions held during 2022 and 2023, are tabula€dapter 3Annex 7for

reference.

A 2hour battery contracted to deliver in the CM during 2022/23 would earn payments of
around £10 / MW/day in the 2019-3 auction[160], [162] and around £100 / MW/day in the
2021 TF1 auction[161], [163] as shown ifTable9. Incomes varied between auctions, with
respective payments for delivery the following year being £20 / MW/da4) (160], [164]and
£60 / MW/day (F1)[161], [165] derated prices for a -hour battery, for auctions held during
2022 and 2023 ranged from £33 / MW/dEy61], [166]to £104 /MW/ day[161], [163] as
tabulated inChapter 3Annex 7 In most of the auctions reported, incomes fohaur batteries
would be approximately half of those foriur batteries; incomes for-4our batteries would
be approximately 150% of those ofhdur batteries[160], [161]
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Table9 Capacity Market: Auction results, -dating factors and revenues for storage participait§0]g[163].
Delivery year 2022/23

Auction 2019 T3 2022/23 2021 F1 2022/23
Auction Feb 2020 Feb 2022
held
Delivery
2022/23 2022/23
year
Auction Auction
Storage De cIZarlin Revenue | Revenue, De clzarlin Revenue,| Revenue,
.g rating . g E/MW/yr £/IMW rating . g £E/MWl/yr | E/IMW
duration factor price, 30 /day 3! | factor PrICe, ) 50 /day 3!
£IKWIyr 4 £/KWIyr y
St
1£:agec 21.36%| £644 | £1376 | £3.77 | 25.87%| £75 | £19.403 | £53.16
St
zs:agec 4253%| £6.44 | £2,739 | £750 | 50.63%| £75 | £37,973 | £104.03
jt;’:agec 67.04%| £6.44 | £4317 | £11.83 | 74.84%| £75 | £56,130 | £153.78

3.4.4. Conclusion on viability of Capacity Market as an activity for batteries
The Capacity Market is a further potential revenue stream available to batteries and other
storage providers. Revenues are relatively small, but nevertheless appealing for several
reasons. Contracts are for at least a year and bring in monthly paymBatsnents can be
stacked with other revenue streams. Requirements on participants do not appear excessively
onerous or expensive. Indeed, a battery or other provider may not have to do much other
than actions it would be incentivised to do by expecteghhivholesale prices during a system

stress event.

Looking forward, reform to the Capacity Market is within the scope of REMJAso changes

to rules and requirements may be forthcoming.

30 Annual revenues (£/MW/year) were calculated by multiplying the £/kW/year clearing price
(from the auction results) by the technologpecific derating factor (also in the auction
results) and then by 1000 (to convert from kW to MW).

31 Projected daily revenues were calculated by dividing annual revenues by 365.
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3.5.Use of System Network charges: avoidance and credits
A further potential set of revenue streams for a battery would be to reduce charges, or gain
credits, relating to the Use of System charges (or credits) for use of both Transmission and
Distribution networks, charges which most electricity system userdrptneir electricity bills.
These charges are known as Transmission Network Use of System (TNUo0S) and Distribution

network Use of System (DUoS) charges, respectively.

One approach would be to reduce the charges a large electricity consumer would incur, by

reducing the demand through its MPAN during periods when high network charges apply. This

I LILINBF OK g2dzf R 0SS LI AOFoftS G2 larhelcdnSuMmBrSa O2yy §
A battery or other schedulable energy asset could potentially reduce both TNUoS and DUoS

charges.

Alternatively, a stanéilone battery (or schedulable generator) could accrue DUoS and

potentially TNUoS credits for exports during times of high densdnigen network congestion.

Potential revenues for a battery are summarised below. Such approaches have been of among

the revenue streams of interest to storage and other flexible energy reso(t6&%

3.5.1. TNUoS charges and credits
All users of the electricity network, whether Transmission or Distributiomnected, are liable
for Transmission Network Use of System (TNU0S) charges. Transmission connected batteries
would normally be liable for generation TNUo0S charges (or crdd@s), which depend
entirely on location, and have no time-use element. However, distributieconnected

batteries may be able to access TNUoS credits, depending on contract and connection type.

3511. G¢NAIFIR | 2ARI yOS¢
¢KAa aSNBAO dZfR 0SS Fy 2LWGA2Yy F2NJ I oFGOSNRB C

(s}
O
N

electricity consumer.

Prior to financial year 2023/24, for hdiburly metered consumers, the entire charging base

for TNUOS charges on hdilburlyY S SNBER OdzaG2YSNAE 461 a4 GKSANI O2yad
aSidft SYSyd LISNA2R&a&® ¢ KS & ¢ NI Hest systemldédandii KS  ( K NX
occurring during the winter months (November to February inclusive) of a financial year, and

separated by at least 10 clear dqy$9] Triad periods are determined retrospectively.

81



The charges vary with location, with lowest charges in Northern Scotland, and the highest in
the South West England, as showrTablel0.

A major reform of network charges (the Targeted Charging Rg@@lchanged the basis for

TNUoS revenue collection. From 2023/24 onwards, the bulk of TNUoS charges for demand

users(i.e. electricity consumerg) NE 02t f SOGSR @Al aidlyRAy3a OKINBS
an additional and much smaller charge, applicable in southern parts of Britain only, as shown

in TablelOfor year 2023/24 and 2024/25.

Thus, in 2022/23, a battery which facilitated reduction of average Triad demand by 1 MW,

would have saved an industrial consumer between around £30,000 (in Scotland) and £45,000

£65,000 (in England and Wales) over that financial year. This revenuediges not include

the cost of the energy purchase. However, energy prices are likely to be high at times of high
da2aiSY RSYlIYRI &2 LJ2NOKIFaAy3d SySNHe Ay | R@GIyOSs
periods is very likely to bring additional finaalcbenefit. Estimated incomes from wholesale

trade in electricity are discussed in Chapter 4.

Triad periods by definition occur between November and February, inclusive. To date, Triad
periods have fallen during weekdays, and not during holidays. This leaves approximately 78
days over the winter during which they could occur. They have fallengigettlement

periods 3437 (i.e. between 16:30 and 18:30) i.e. during a 2 hour pdi@0], a timescale very

suitable for a shorturation battery to act in.

0 £0 Q¢ 0 Qi OCEWDuLpOG TT (3.1)
0 £0 Q¢ 0 QIEEED D QQODEL Q¢ 0 Qi CEDUIPHR W W i (3.2)

- R T
0 €0 Q¢ MQ QAN OD €0 Qe 0 QI ECEED O QQ&))—(OOI X Y (3.3

If a 1 MW battery was to be active on all of the 78 weekdays over the winter during which a
Triad event may be declared, the average income of TNUo0S avoidance, per day of activity,

would be as shown below:
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Average daily revenues for a battery owner, based on triad avoidance over 78 days a year, are

shown inTablelO.

An astute battery owner, able to predict days which have greater or lesser likelihood of Triad
occurrence, may be able to be active on fewer days (those with greatest likelihood of a Triad

event), and thus achieve better peay revenue.

Any triad avoidance activity would also help reduce DUo0S charges levied on a major electricity

consumer, as described below in Sect®hb.2

Tablel0 Annual TNUoS HH demand tariffs, and estimated average daily TNUoS avoidance revenue for a IMW

battery, based on 78 days activity/year, 2022/2324/25, selected GB TNUo0S zones

TNUoS| Zone TNUOS tariffs, £ / kW demand tariff Average daily revenue in Triad
Zone | name for halfhourly metered customers, avoidance, for a 1 MW battery,
applied to average Triad demand averaged over 78 days / year
2022/23 2023/24 2024/25 2022/23 | 2023/24 | 2024/25
[171] [172] [173]
1 Northern £27.45 £0 £0 £352 £0 £0
Scotland
2 Southern £35.47 £0 £0 £455 £0 £0
Scotland
3 Northern £44.68 £0 £0 £573 £0 £0
8 Midlands £57.19 £3.05 £2.37 £733 £39 £30
12 London £63.69 £4.37 £5.73 £817 £56 £74
14 South £63.75 £7.65 £8.20 £817 £98 £105
Western

Embedded Export Tariffs (EETs) are a form of TNU0S credit, available for some distribution
RSWSYRAY 3 dzZLl2y O2y (NI O

settlement periods. This is a potential revenue stream for a stlode kattery located in the

3.5.1.2.

A ¥ 4 A x

Embedded Export TNUOS credits

arasas

English Midlands or South, or South Wales.

Tablell shows that a User eligible for EETs, and which delivers 1 MW for all of the Triad
Settlement Periods, would accrue an annual credit of £5,000 in the Midlands (2024/25) and

just over twice that if located in the South Western region.
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Tablell Annual TNUoS Embedded Export Tariffs

TNUoS Zone name TNU0S Embedded Export Tariffs, £ / kW
Zone (applied to average Triad export)
2022/23[171] 2023/24 2024/25
[172] [173]
1 Northern Scotland £0 £0 £0
2 Southern Scotland £0 £0 £0
3 Northern £0 £0 £0
8 Midlands £2.68 £5.59 £5.09
12 London £9.19 £6.92 £8.44
14 South Western £9.24 £10.19 £10.91

Using similar working to that in Secti@cb.1.], if considering exports are necessary for 78 days

Ay GKS @SIFN G2 O2@SNJ LJI2aaroftS G¢NAIFRE RIFIedazr GKS
£0 (in the north) to around £100 / day (London) and £12040 / day in the highest tariff

zone, South Westerrduring 2022/23 to 2024 /25.

3.5.2. DUoS charges and credits
DUoS charges are collected via a combination of standing charges andftime (TOU)
tariffs. Each DNO region has its own set of charges, within which different charges apply
depending upon the voltage of connection, and type of user. DU0S chargd¥ famd LV
connected users are calculated by Common Distribution Charging Methodology (CDCM), as set
out by DCUSE62]. These charges are all generic to all similar users connected in the same
DNO region. Negative charges, i.e. credits, are awarded to generators. DUoS charges for EHV
connected users are calculated by either Long Run Incremental Cost (LRIC) or Emrstard
Pricing (FCP) methodologies, depending on DNO region, as set out by DCLT8A jh75]
EHV DUoS charges are all specific to individual sites. DUo0S charges are currently under review

[176]

A 2 4 A 9~

ForHVO2 Yy SOGSR dzaSNBRX GKS ¢h! GFNRAFFA INB Ay | F:
GINBSY o6lFyRéE GFNAFFAZT O2NNBaLRyRAy3 G2 dGAaySa 21

networks.

DNOs define the timings of the various bands, which are set over a year in advance, and do not
g NE o0& GAYS 2F &SI N lff mn 5bh NX3IA2y&a KI @S

and early evening on weekdays; London alone has an additional retgeaiod around
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midday?. The tariffs themselves vary between DNOs, and by voltage of connection and type

ofuser. ForanH®2yy SOGSR t I NHS RSYIFIYR aAd(S 640l yR néox
are typically around a few pence per kWh. For a stalothe battery or other genetar, or

one at a site which can export during rednd times, the red band DUo0S credits are slightly

KAIKSNI GKIFy GKS al 92ARSR O2ada¢o

¢t62 A0SYlFINA2&a | NBE O2y&a8ARSNBR KSNB® ¢KS FTANRG
YSGSNE +d GKS aaasS 2F I f£FNBS RSYlF YR dza SN©® ¢ K
NERdzOS GKS RSYlIYyR aAiSQa O2yadahadied 2nfie Yy R &2 NX
second scenario, the battery is staatbne, or part of a site which has net exports during red

band periods. This battery (or exporting site) receives DU0OS credits for its exports during red

band periods.

Taking examples from two DNO regions (Southern Scotland, and London), and two years

(2022/23, and 2024/25), redand demand tariffs and export credits are tabulatedrablel?2.

CKA& GFofS FTdNIKSNI SydzySNIX 4Sa Ll2aaiotsS 5! 2{ N
1 MW battery could potentially earn, in £/ day, if exporting throughout the duration of red

03
-1

band periods.

Overall, financial rewards of up to £100 / day during weekdays could be earned through DUoS
red-band avoidance, and slightly more from DUOS red band exports. In the case of London,
rewards of up to around £200 / day (2024/25 only) would be possible dfttety could deliver

twice in a day.

These rewards would be in addition to any TNUo0S Triad avoidance benefit, and any financial

benefit from purchase of energy at a time of day when price is lower.

32 In London DNO region, there are twdh8ur long red band periods on weekdays. The time gap
between these periods is 2 hours, during which a battery could potentially partially recharge.
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Tablel25! 2{ GNBR ol yRé RSYIYR GFENAFFas SELRNI ONBRAG dFNATTFA
battery. Southern Scotland and London, 2022/23 and 2024/25. (London figures assume site is demand band 4).
Tariffs listed af177]¢[180]

Tariffs and potential charges avoidance / credits 2022/23 2024/25
Southern| London | Southern| London
Scotland Scotland
Imports
Red Band import tariff, p/kWh 3.029p 1.954p | 3.935p | 3.318p
Imports charges, £/MWh £30.29 £19.54 | £39.35 | £33.18
Import charges £/MW over 3 hour Red Band £90.87 £58.62 | £118.05 | £99.54

(Potential £/day saving)

Import charges £/MW ovetwo 3 hour Red Band n/a £117.24 | n/a £199.08
periods, Londoronly (Potential £/day saving)

Exports

Red band export credit tariff, p/kWh 3.601 2.954 4.687 3.787
Export credits, £/MWh £36.01 £29.54 | £46.87 | £37.87

Export credits £/MW for delivery over-&iour Red £108.03 | £88.62 | £140.61 | £113.61
Band period (Potential £/day income)
Export credits £/MW over two-Bour Red Band n/a £177.24 | nla £227.22
periods, London only (Potential £/day income)

3.5.2.2. EH\connected sites
EHV-02yySOGSR Odzali2YSNE KIFI @S 06SalLkR1S GFNARFFaAax ol
and exports would have on EHV network flows, and the expected number of years before
network reinforcement would be required, as set out by DCUSA74], [175]
5bhad RSTAYS | Ga&adzZJSNI NBR o0l yR¢ GAY-SY RdANAyYy3I gK?I
O2yySOiSSao ¢ KS G&adzLJSNJ NBSR olyRé GAYS Aa (GKS

that apply to HV and LV connected customers.

)¢

EHV DUoS charges for demand users are generally considerably lower than those borne by HV
connected customers. In the two regions examined, the EHV super red band charges applied
to most demand customers are minimal (< 0.2 pence / KWh) or zero. Somgdaldation

sites are awarded credits for exports during Super Red Band periods, though for the majority

of sites these credits are zero. The ranges of Super Red Band demand tariffs and export credits

33 ExtraHigh Voltage, being a nominal voltage of more than 2284] (within Distribution, not
Transmission, networks)
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for EHV customers in London and Southern Scotland, in years 2022/23 and 2024/25 are

tabulated Tablel3, as examples.

Tablel3 Range of EHVsi@ LISOATA O a{ dzZLJSNJ wSR . FyRé 5! 2{ AYLER NI
incomes for a IMW battery. S. Scotland and London, 2022/23 and 2024/25. Tariffs lift@d]qf180]

EHV Super Red Band tariffs for imports an| Range | 2022/23 2024/25

credits for exports, and potential daily Southern| London | Southern| London

charges avoidance & credits Scotland Scotland

Imports

SuperRed Band import tariff, p/kWh Lowest | Op Op Op Op
Highest | 0.2p 4p 2.863p 1.04p

Number of sites with import tariffs > 1p/kW - 0 2 2 1

Imports charges, £/MWh Lowest | £0 £0 £0 £0
Highest | £2.00 £40.00 | £28.63 £10.40

Import charges £/MW over 3 hour Super | Lowest | £0 £0 £0 £0

Red Band (Potential £/day saving) Highest | £6.00 £120.00| £85.89 £31.20

Import charges £/MW ovetwo 3 hour Supernl Lowest | n/a £0 n/a £0

Red Bangberiods, London only. (Potential | Highest | n/a £240.00| n/a £62.40

£/day saving)

Exports

Super red band export credit tariff, p/kWh | Lowest | Op Op Op Op
Highest | 1.274 0.06 4.907 0.105

Number of sites with export credit tariffs > 1 0 3 0

1p/kWh

Export credits, £/MWh Lowest | £0 £0 £0 £0
Highest | £12.74 | £0.60 £49.07 £1.05

Export credits £/MW for delivery over-3 Lowest | £0 £0 £0 £0

hour Super Red Band period (Potential Highest | £38.22 | £1.80 £147.21 | £3.15

£/day income)

Export credits £/MW over two-Bour Super | Lowest | n/a £0 n/a £0

Red Band periods, London only (Potential | Highest | n/a £3.60 n/a £6.30

£/day income)

Thus, with few exceptions, an Eldunnected battery, whether on a demassite or stand

alone, has muclessscope than a battery connected at HV level, for accruing significant

revenue through DU0S charges avoidance, or DU0S generation credits, than at HV level.

However, for a small number of sites, daily incomes could exceed £100 for a 1 MW battery.
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3.6.DSO0 Flexibility Services

361.5STFAYAGAZ2Yya 2F a5bhé YR a5{ h¢
¢tKS SySNEHeE ySig2N1aQ GN}YRS Faa20Al A2y (GKS 9yS
[181 ;G5 AAGNRAOGdzAA2Y bSGG2N] hLISNIG2NBR o05bhatdo | NB
electricity distribution networks over a defined geographic area. Historically these networks
have been passive in nature, but with increasing volumé@isfributed Energy resources,
(DER] they are becoming increasingly active. This together with smart grid technologies is
creating opportunities for DNOs to realise consumer value and develop SO functions and
605S02YS | S5AaGNROGdziAZ2Y {@aAGSY hLISNIYG2NI 65{ h0dé

In[182], the ENA defines DNOs as follows:

G5Aa0NAOGdzi A 2y DNOJave Nieratd dnibraintéi thegdistidbution networks.
They do not sell electricity to consumers, this is done by the electricity suppliers. There are 14

licensed DNOs in Britain, and each is responsible for a regional distribution servicés area.

A DistributionSystenOperator (DSO) role is as an evolution of the DNO role, in increasingly

active distribution networks. In the above document, the ENA defines a DSO as follows:

0A Distribution System Operator (DSO) has a role to monitor, control and actively manage the

power flows on the distribution system to maintain a safe, secure and reliable electricity

supplye

0As a neutral facilitator of an open and accessible market for network services, a DSO will
enable competitive access to markets and the optimal uBisfributed Energy Resources,]
DER on distribution networks to deliver security, sustainability and affordability in the support
of whole system optimisation. A DSO enalolestomers to be producers, consumers and
storers of energy, enabling customer access to networks and markets, customer choice and

great customer service.

Ly LN OGAOS:T (G4KS {(SNXYa a45bhé YR a5{hé¢ GSYyR (2
distribution network owners / operators, with increasing responsibilities to actively manage

their networks.
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3.6.2. Actions of DNOs/ DSOs
DNO / DSOs amxpected to investigate procuring flexibility as an alternative to network
reinforcement[183], or an activity to manage a network capacity constraint, while a

reinforcement is planned but cannot be done straight away.

For example, SP Energy Networks (SPEN), which owns and operates two license areas, SP

Manweb (SPM) in north west England and North Wales, and SP Distribution (SPD) in southern

Scotland, had its first flexibility tenders in 2019, all in its SPM area, autifed 53 MW of

flexibility capacityf184].  All tenders were long term, for at least several months. Volumes are

tabulated inChapter 3Annex 8

Table78.

G{ G2NBR SySNHe&é¢ aasSiax LINBadzYSR (2 06S oF G0SNR:
for all delivery years from 2021/22 onwarfs85]. Most of their were unsuccessful: most
successfuproviders were fossil gas or demand. However, batteries were contracted to

LINE GARS noT a2 2F 458yl YAO0E ASNBAOSSE G /2yyl KC
YR non a2 2F a{SOdzNB¢ aSNBAOS |G YFAYS&a Ay {t6-
2025/26, winter 26/27, and winter 27/28. A further 0.1 MW of stored energy was contacted

02 LINPOARS GKS a{SOdzNKS¢ aASNBAOS 20SNI gAYGSNI HAt
cases, service windowsane in late afternoons and evenings. Required delivery durations and
NBaLRyasS GAYSa Ay Yzad OFasSa sSNB M K2dzNJ kK Mp )
offering requiring 3 hours provision responding within 15 minutes. Availability prices for

batteries ranged from £5 /MW/hr to £270/MW/hr. Projected daily revenues, based on

availability prices and agreed service windows, ranged from £16.50 / MW/day on weekdays

only for winter 2021/2022, up to £625 /MW/day (every day), for winters 2026/27 and

2027/28. Bespoke utilisation prices were also agreed in the tenders, which ranged from £28

£400 / MWh. Results are tabulated@hapter 3Annex 8Table79.

Regarding the year 2022023, which is studied in greater detail in the following chapters, in
these two DNO areas, contracts for just under 30 MW of flexible capacity were awarded, at 2
sites in SPM area, all to fossil gas providers. Around one thilng @gpacity accepted was for
long delivery durations, 10 hours, which commercial batteries are currently unable to offer at
full power. Availability prices were modest, at zero to £5/ MW/ hour for skaration

offerings, and up to £40 / MW / hour fdongerduration offerings; utilisation prices of £100
£1000 / MWh were agreed. These results are tabulate@hapter 3Annex 8Table80.
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Almost 8 MW of batteries in SPD area, and 43 MW in SPM area, offered flexibility services for

year 202223, in bids which were either unsuccessful or later withdrawn by the provider.

These results are tabulated @hapter 3Annex 8Table81. For thefollowing two years, very

limited volumes of flexibility capacity were procured (22 and 56 MW), respectively, in total

across both licence areas), but it was procured at many locations, with availability prices for a

few small providers exceeding £1000M¥day, as shown i@hapter 3Annex 8Table82.
Reasons for flexibilitgoto SAy 3 02y i N} OGSRXI NBLIR2NISR o6& {tobx
GAYGSNAY aSNBAOSa y2 t2y3ISNI NBIdZANBREZ YR AAye
held in 2022, but SPEN expressed an expectation of running tenders from 2023 ofil@ids

In short, during 2022, there was limited opportunity for batteries to accrue significant, or
indeed any income from provision of DSO flexibility services. Opportunities were dependent
on location and the price at which the DNO / DSO was prepared to abtkeptas well as
competition from other types of provider. However, much increased procurement of DSO
flexibility services is expected in the coming few years. Much higher prices have been agreed
for service delivery during 2024/%027/28, albeit at smihvolumes. Opportunities are

therefore likely to increase.

As stated in Chapter 2, the literature reports mixed results regarding projected effectiveness
and costeffectiveness (or otherwise) of using storage as an alternative to reinforcement;
however there are some clear cases ¢/@] where energy storage would be a useful to

manage a constraint pending reinforcement. However, the temporary nature of such a use
may be a barrier to a storage unit having a viable business case. Relocatable energy storage
units ¢ the subject of a littleacademidnterest @s described i€hapter 2 - maybe an option

in such circumstances, if a practical and economic relocatable solution could be built and made

to work.

3.7.What would a battery do? Summary and concluding remarks

Potential incomes a battery could earn from the activities selected here are summarised in
Tablel4.
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Tablel4 Potential income of a 1 MW batteryalternative revenue streams

Type of Service / Unit Notes Can conduct | Battery Potential revenues
Service or | activity simultaneously| duration
activity with wholesale
trades? 2022/2023 2023/2024 2024/2025
Frequency | Most lucrative | Average No 3 ~ 1 hour > £800 (May / | Not Not
response | service £ per day duration Jun); ~ £20@00 | enumerated. enumerated.
(usuallyDC) for fastest | Nov/Dec

services.
Reserve Not specified No Longer Not Not Not
services duration enumerated. enumerated. enumerated.
Wholesale | Wholesale n/a 1 Calculated in Not calculated | Not calculated.
trades trades Settlement | Chapter 4

Period

(0.5hr)

Capacity Capacity Market| £/ day, over| Prices varied yes 1 hour £4- £53/day £9to £31 day | Not
Market the year (or | between enumerated.
length of individual CM 2 hour £8-£104 /day | £18£61/day Not
contract) auctions enumerated.
4 hour £12-£154 / day | £29£102/day | Not
enumerated.

34 A provider cannot offer frequency response or reserve services using the same MW of capacity which it is using for Wwhdiesalethe same time. However, a
provider could offer part of its capacity for different activities or services simultaneouistpuld also change between different services or activities within the same day.
35 Any BM instructions from the ESO take precedence over wholesale trading activity, and are compensated aagneguirice.
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Type of Service / activity | Unit Notes Can conduct | Battery Potential revenues
Service or simultaneously| duration
activity with wholesale
trades? 2022/2023 2023/2024 2024/2025
TNUo0S Avoidance of £/ day S, Applicable to yes ~ 2 hours’” | £352 (N £0 (Scotland, N| £0 (Scotland, N
demand TNUoS G606 SKAYR Scotland) £817 | Eng. & N Wales Eng. & N Wales
charges YSGSNE ¢ (SW England) | -£98 (SWEng) | - £105 (SW
Eng.)
Embedded Applicable to £0 (Scotland, N.| £0 (Scotland, N| £0 (Scotland, N
export TNUoS DN-connected Eng. & N Wales) Eng. & N Wales Eng. & N Wales
credits generators -£118 (SW Eng.| - £131 (SW -£140 (SW
Eng.) Eng.)

36 £/day, averaged over 78 winter weekdays excluding holidays
37 Likely to be necessary to cover all likely Triad SPs
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Type of Service / activity | Unit Notes Can conduct | Battery Potential revenues

Service or simultaneously | duration

activity with wholesale 202212023 2023/2024 202412025
trades?

’/f”};f‘i/”// 5! 2{ aNB %//};’?ff/ Applicable to yes 3 hours £59 (London); | Not £100 (London)

2//% /// demand charges f/f// G0 SKAYR £91 (S. Scotland)| enumerated. £118 (S. Scot)

% W% avoidance %; YSGSNE 0]yes ~50r6 £117 (London | Not £199 (London

////Z/ hrs®®, only) enumerated. only)

51 2{ 4§
ol yYRE
charges
avoidance

dz £/ day
S (all year)
connected
sites

51 2{ a/{
. FyYRE
credit tariffs

dz £/ day
SE (all year)

38 Able to operate for two dhour red band periods in a day, with limitedtf@ur) time in between, during which some recharging may be possible

- All tariffs are site

specific. Most are
Zero or near zero.
Applicable to

G606 SKAYR i
YSGSNE ol
All tariffs are site
specific. Most are
ZEero or near zero.
Applicable to EHV
connected
generators /
exporting sites

yes

London only

3 hours
(London
only, 5 or 6
hours)

3 hours
(London
only, 5 or 6
hours)

Zero up to
£91/day (S
Scotland.

(Up to £117/day
in London if can
export for 6 hrs)
Zero up to
£108/day (S
Scotland).
(E177/day in
London if can
export for 6 hrs)

Not
enumerated.

Not enumerated

Zero up to £118
/ day, S Scot.
(Up to £199/day
in London if can
export for 6
hours)

Zero up to
£141/day (S.
Scotland).

(Up to £227day
in London if can
export for 6 Ins)




Type of Service / Unit Notes Can conduct | Battery Potential revenues
Service or | activity simultaneously| duration
activity with wholesale
trades? 2022/2023 2023/2024 2024/2025
DSO Bespoke by Could be Services bespok( Probably not | Bespoke to| Within SPEN Within SPEN areas| Within SPEN areas:
Flexibility | DNO utilisation | to the DNO and service areas: Successful Quccessful
services or locality participants, 22 participants, 52 MW
availability Successful bids | MW across many | across many locations

30 MW across 2
locations, all gas
providers.

£0-£20/day
availability, with
utilisation fees of
£400-1000/MWh.

locations, all
demand or fossil
gas, some with
storage (battery /
hydro) as a
secondary
technology.

Availability
payments £86
£270/MW/day,
some exceeding
£1000 / MW/ day.

Utilisation
payments £30
£500/MWh

mix of demand, fossil
gas and storage
providers.

Avalilability payments
£0- £270/MW/day,
some exceeding £100
/ MW/ day.

Utilisation payments
£28-£800/MWh.
Among providers, an
estimated £210 / day
availability price, over
the winter, awarded
to a battery at one
location.
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Good potential revenues were to be made from frequency response services, over £800/ day
in early summer 2022. Potential revenues fell towards the end of 2022, to around32®00

day, though higher prices occurred on some occasions.

Somebatteries, large enough to be registered smndaloneparticipants in the BM® “°, were
active in conducting wholesale trades, potential revenues from which are investigated in the
following chapter. Potentially significant income could be made from BM activity, though it is
the ESO which selects providers. BM activity among battdrisag 2022 was much less

frequent than wholesale trades.

Some batteries were awarded CM contracts, which provide a small but regular additional

NB@ZSydzS aiGNBIF YD {dzOK O2y 4N} OGa gAfft 2yte 200l 2
exceptional instances of a CM notice period, and even then, batteriesgamgin ancillary

services such as frequency response, or balancing actions, will be exempt from further actions.

Any CM period would inevitably be accompanied by very high wholesale trading prices,

conditions which would strongly encourage exports, wiestor not bound to do so by CM

contracts.

DUoS credits for distributiecnonnected batteries (not behind the meter) could reward-HV
connected batteries for exports during afternoon / evening peak times by around £100 / day.
DUoS rewards for EHdbnnected batteries are likely to be lower or zelblocated in
southern Britain only, the batteries may also be eligible for Embedded Export Tariffs TNU0OS
credits, for exports at the same time of day during the winter, potentially accruing up to an
additional £100 / MW / day over the winter months, depkng on location.
FGGSNRSE f20F0SR aontekrnymRintfividtica lafge Gl&iNGalY A K NRAy 3 |
demand site, could accrue similar revenues from a combination of avoidance of DU0S, and, in
a2dzi KSNY 9y 3ttt yR yR {2dziK 2 fSas | @2ARIy0OS 27
HAHHKHO YR LINS@A2dza &SKNAI RC b |02 ROKIONE $a 0ISTSAF
higher,around £30§ nn Kk a2k RIF& 62@0SNJ 1ty RI&ak &SIFEN 2F |

39i.e. Balancing Mechanism Units, BMUs. BMUs conduct trades and submit their own prices for bids
and offers. They have their own identifiers and their actions are recorded in BM data.

40 Smaller assets can also participate indirectly within the BM, for example via aggregators, without
registering as BMUs; they would be in contract with a third party (e.g. aggregator). BM data would
identify the actions of the third party (e.g. aggregatonly.

41 More precisely, a Metering Point Administration Number (MPAN), which is a unique identifier for a
Odzai2YSNRa St SOUNROAGE YSUSNW®D

95



OKI NBS&aé¢ FStf akKkNLI &z (G2 fS@Sfta AAYALINI G2 9Yc
DUoS / TNUoS credits, batteries could engage in other activities, especially at weekends or any
other days when DU0S / TNUO0S credits or charges avoidance do rigtoaape unlikely.

Behind the meter location of batteries may complicate engagement in some other activities.

Opportunities for revenues from DSO flexibility services were extremely limited in 2022, and
prices were modest. However, demands and prices for these services have risen the last few

years.

In short, there are several potential revenue streams which are realistic for GB batteries, and

many engage in multiple activiti¢$12].

The constraints of the PhD do not allowdapth exploration of all options. The rest of this
PhD thesis concentrates on one of the activities, wholesale trades, as it is expected that
significant volumes of battery capacity will continue to engage malativity. This expectation

is based on several reasons:

1 Wholesale trading was among the activities that numerous realgpithected
batteries engaged in during 2022.

1 2022 was the first year during which the battery storage industry reported wholesale
trades became financially competitive with frequency response, citing connection of
ANBFGSN) ydzyo SNA 2F oF GGSNASA Ol dAAyYy 33 aGal GdzN
ancillary services.

1 Increasing numbers of battery connections would appear to make this situation seen
as likely to continue beyond 2022.

1 Given the enormous quantity of connection requests from batteries, whenever
aggregate available battery capacity will exceed that required for grid services,
wholesale trades is a revenazcruing activity which the remaining batteries would be

allowed toengage in.
Furthermore,

1 Wholesale trades may be conducted with the same battery capacity used
o for network use of system credits, whenever patterns of wholesale prices
coincide with those of network charges.
o For Capacity Market availability payments, unless a (likely to be rare) Capacity

Market event requires their deployment
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The following chapter (Chapter 4) investigates potential revenues a battery may accrue from
engagement in wholesale trades, and what patterns of activity would be likely. Later
OKI LJGSNE SELX 2NB LRGSyidAlt STFSGhudhavédnli SNAS&EQ ¢

network congestion at Transmission level (Chapter 5) and Distribution level (in Chapter 6).
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4. Chapter 4. Battery wholesale trades: simulation methodology
and results

Chapter summary

This chapter describesragentbasedmodel that was created to simulatee actions of a
economicallyrationalbattery, engaged in wholesale trade®, exploreli K S 6 Ipds8ilBeNE Q &
interactions with other network users and any impacts on network congesfidns work

assumes that the battery is privately owned and its owner is intent on maximising overall net
income from energy trades. Battery activity was simulatedtfore 5week case study

periods in 202 & & dzZY Y SNE = & | dzil daing eeal WhblBsalé pside yiaiaSrittie 0
Nordpool Day Ahead platformResultssuggest that a 1MW / 2 MWh, with 85% routrip
efficiency, intended to represent a lithium ion or similar battery, could accrue average overall

daily net revenues from energy tradesof b&%y MMpT OAY @ adzYYSNEO (2

The above simulated battery tended to engage in two daily trades most days during the

GadzYYSNE | yR al dzidzyyé OF &8 aiGdzRASET FyR 2y S RIJ

study. The times of day of trades were fairly consistent, with early eveningtexoad night

time imports, and in summer and autumn, an additional morning export and midday import on
many days. This diurnal pattern of behaviour was also found for batteries of duratiéns 1
hours, and of 12 hours duration (70% round trip efficieneygnded to represent a flow

battery. However, the longer duration battery had very different timeseries of activity to
batteries of shorter duration, with many days of inactivity. Batteries of 1 and 2 hours duration

had the highest overall net incomegr MWh of battery capacity.

Simulated battery activity was compared to that of 23 real BMU batteries active during 2022,
described in the previous chapter. Though there were differences in behaviour between
batteries, diurnal patterns of behaviour between simulated and real batsewere broadly

similar. In every case study season, there were examples of real batteries displaying similarly
timed imports and exports as those of a simulatelldur battery. It was concluded that the
battery simulations are close enough to the actimi®nough real batteries to validate this

model. The chapter ends with a discussion of the strengths and limitations of the battery

model,l YR O2y Of dzZRSa GKI G GKS Y2RStQa 2dziLidzia OFy

of examples of likely behaviour of rational batteries engaged in wholesale trades.

98

e



Finally, potential incomes from wholesale trades were compared to other activities a battery
could engage in, enumerated in Chapter 5. Potential overall net incomes from wholesale
trades compare fairly favourably with those of other activities duringab®imn and winter

case studies of 2022, and could be accrued in addition to incomes from Capacity Market, for
successful participants, and potentially also Use of System network credits. During the
summer case study period, higher incomes could be gdired frequency response services,
though wholesale trades would be a realistic revenue stream for any batteries unable to
provide such services. It was concluded that wholesale trading, as a sole activity, or in
combination with other activities, was aaldle option during 2022, particularly during the

Gl dzidzyyé |yR aoAyiSNE OFasS addzReé LISNA2REAZ | yR |
engaged in.

Outputs from this chapter are used in analysis in later chapters into the likely effect of battery
trading activity on electricity network congestion at both Transmission and Distribution level,

using case studies of and within Scotland.

4.1.Chapter introduction and aims
¢CKS FAY 2F GKAA 62NJ] Aa G2 avbuifdidihaG8contéxtiA 2y a GKI
if engaged in wholesale trades. In particular, it seeks to understand likely power flows from
battery at any given point in time, in order that such flows can be considered together with
actions of otherelectrical networksusers, and potential effects on network congestion

surmised.
A model to this end is constructed.

Ly (GKA& ¢2NJ X infaG8 buhtéxhidgTindd hsingindép&nidhtly ownedand
havingan owner or controlleiwhichis taking economically rational decisions, with the intent
of maximising overall revenié It is assumed that the battery owner / controller hiasely
access tat least somanformationabout forthcoming wholesale sp@rices(a matter
elaborated later in this chapterand the facility to use such information in directing battery

energy flows

This chapter also seeks to investigate the financially viability of wholesale trades, compared to

other activities a battery might undertake, as described in the previous chamisurmise if

42The relevance of battery ownership to its patterns of activity has been discussed in S8t
2.4. Chapter 3 is entirely in the context of independently owned battery in GB.
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this is a realistic option for batteriesThis chapter seeks to refer to actions of real bads, as

described in Chapter, 3or validation.

4.2.Review of approaches to battery simulation

There is a large body of literature describing approaches to the modelling of batteries and

other types of energy storage, and their behaviour in electrical power systems.

Regarding model formulation, many studies on behaviour of storage and other flexible energy
resources on electrical power system use optimisation algoritfi6], with objectives such

as maximising income for a storage asset engaged in arbifi®3@ or integration of

renewable energy and storage assets in a residential s€tti®gj], microgrid[189], or regional

power systen{190], at lowest operational or system cost.

A different approach to modelling the behaviour of energy storage assets is-agead
modelling. The application of ageb&sed simulation of actions of various users or assets
which connect to or form part of an electrical power system (e.g. generatorssumers,
storage assets), is established in both a microgrid setting, and also in a deregulated power
market[191]. An early example of the latter was an investigation into potential outcomes of
the New Energy Trading Arrangements in England and Wales, at around the time of their
introduction, in 200J192]. More recent examples of agebtised modelling investigate flows
of electrical power and money within local communities in which there are local renewable

energy assets, consumers, prosumers and energy stqi£c[195].

In [196], Ma and Nakamori investigated different approaches to simulation of-terg

changes in generation mix of a simplified electrical power system. They compared the use of
2LIAYAALGA2Y FEI2NAOGKYAS gAGK | yR gAdit2dzi aSy Rz
with each other and with a simple agebased model, and concluded that all approaches had

advantages and limitations. The authors remark the2 LJG A YA T F GA 2y Y2RSta OFy
daK2dA R 0SQ Ay GSN¥Ya 2F NEI RKDOZFEERMKYSINGSS 00 A IS ¢
agentdo A SR Y2RSta OFly (GSff dzasS WoKdbi ©OR8zZ Rdzd B 2NXHz
suggest that the more suitable modelling approach for a piece of work would depend on the

purpose of the decisiomaking, and that these modelling approaches should be viewed as
complementary in furthering understanding of energy systeMdamerous works, such as

[197], [198] indeed combine ageriased methods with optimisation in investigating

behaviour of energy storage on electrical power systems.
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Aside from model formulation, there is a question of the appropriate level of detail with which

to model the behaviour of the storage asset. From a power systems perspective, an idealised

approach to modelling a storage asset on an electrical network]dvdescribe the asset as a
technologicallyy Sdzi NI ¢ &oft | O1 02Eés 6KAOK OFy RStAGSNI S
parameters, with a nominal efficiency, and potentially standing losses. Vykhodtsev et al in

their review of approaches to modelling lithium ion battery storagg186], describe the

aoftl O o-2rergy)madi as $helinost widely used approach, such 98, but

describe limitations of this approach. These authors, and Mao[208] describe three

general paradigms for modelling of lithium batteries, and storage more generally, respectively,

in analyses of power systems, which are summariséchiels.

Vykhodtsev et gl186]RS&a ONRA 6 S || -SE$R8HAOY2RBHSHI 4 6SAy3a RS
OndmMLuYI GgAGKAY GKS fAYAGA 2F GKS o0FdGSNRQa Sy SNE

State of Energy, i.e. energy contained in the battery at time t (MWh) SoE (t)

Power drawn while charging, at timéNW) P_charging (t)
Power delivered when discharging, at time t (MW) P_discharging (t)
Efficiency of chargin(raction) ' charging
Efficiency of discharging (fraction) ' discharging
Timestep (hours) timestep

0, QW Q®E Y (4.1)
“QWHHQ0E

"YE® YE® p 0'QaQBO&HI Q@EmESUMHI "QQE
[186] give examples of ways in which some researchers have embellished the generie power
energy model, by adding dependencies of power flows and/ or repdosses on SOC, or of

round-trip losses on power flows. Mao etf@00] f 82 RS&aONAR OGS AYLINR GSYSyia
02E¢ | LIWINRIF OKE TNRY BREGSYEYYRRBOIAYIDYR. aRKG&
GINBEe 02EOdzNNEBEYEE (YABSE T | YR GGENNSY (02 El£LIKINRIIOR K
as giving progressively moreairate simulations of battery behaviour, but with increasing

trade-offs of greater computational complexity.
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Tablel5 Summary of approaches to modelling batteries / energy storage assets in power sy$861h4200]

Model GoKAGS 02EG3INBE O02E¢ aofl O
paradigm (simple case)
Other names | & LIK &kiaded & GSljdzA @ £ Syl OA|d&aLIR 8 SNJI
Y2RSf ¢3 Go2t-Gdz$Sy i Y2FESySNH®@
G002y OSy (NI
OdzNNBy (i Y4
(batteries only)
Aim A model which most | A compromise between accura¢ A simple and
closely approximates| and complexity. Represent widely
to actual behaviour | battery (or other storage asset) | applicable
behaviour with electrical circuit | model
parameters
Principle Include Describe the battery (storage | Described by
thermodynamics and| asset) in terms of an equivalent| Eqn 4.1),
kinetics of specific electrical circuit, in which V and| within
processes within the | I, with R and in some cases C | capacity limits
battery cell (or other | components, represent of the battery
type of storage asset phenomena within a battery cel
(the storage equipment)
Parameters have dependencies | have dependencies usually fixed
Computational| high low-high low*3
complexity
Accuracy high medium- high medium*
generalisability low medium high
timescales nsms ms, mirthr min-hr*

With batteries and potentially other assets being required to or rewarded for potentially
performing multiple activities simultaneously, such as frequency response and arbitrage,
Vykhodtsev et gl186]NJ A & S LJ- NIi A Odzf  NJ O2y OSSNy & 2F G(KS | 6Af
appropriate results over very short and over multiple timescales. Mao[@08] propose an

approach to simulating activity on multiple timescales, and suggest a flowchart to aid selection

of suitable model elements;igurels.

Energy arbitrage was the most wideblsearched application of battery models reviewed in

[186]z +&1K2RGaSQP Si 1tQa &aidReT -SYSRAEE I Y2RAFT (K

43 Mao et alg low; may be medium in the case of black box with dditizen improvements
“MaoetalcYlF @ 6 S & KA Advén madeliing imprdveiments
45 Mao et al- may be mss with empiricallydriven improvements
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Multi-timescales simulation environment of ESSs
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Figurel5 Multi-timescale simulation environment of energy storage systeReproduced from Mao et §200]

some cases with additional improvements, and around half attempted to take degradation

into account in some way.

Battery degradation must be mentioned herf201]describes some of the complexities

inherent in attempting to model this phenomenon: degradation appears to occur through

multiple mechanisms, and depends not simply on number of cycles, energy throughput or

calendar age, but crucially on environmentaltéas (primarily temperature) and operational

factors (especially the degree / depth of charging and discharging). Some gipssics

models attempt to simulate degradation reactions; some studies have incorporated battery

RSANI RIFGAZ2Y YDHNB A WLBEE ARRSHIZ wé SyF2NOAy I 2LJ
counting total energy throughput or battery cycliftB6]> 2 NJ 60 & dzaS 2F & SYLIJANA Ol
YSUKZ2BOL § 20 2 Y QRO2EK § ¥ Ra KSNJ | y H203), deSdribe Sufrénd LI LIS NJ
approaches tsimulation ofbattery health and degradationrandpropose a decision support

tool to predictbattery maloperation This tool could potentially be used together with a

battery schedule optimiser, to incorporate battery health considerations into scheduling

decisions [204]reports that the use of physidsased modelling constraints for batteries

engaged in wholesale trades succeeded in reduced degradation and improvedhiole

performance of batteries. This is clearly an important area of ongoing research.
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4.3.Battery Model- overview

4.3.1. Aim
l'a adl GSR Ay (KA ahehif bf tiig ®dkisdo silnylaieNiBtiendz0aii & 2 y = i
éeconomicalyNJ ( A 2 y | basedl in BBofIMNGEE &xpected tdo, if engaged in wholesale
trades In particularthis chapterseeks tgroduce timeseries dfkely power flows frona
battery, in orderto understand any interactiongith electricity generation or consumption by

other usersof electrical networks, andny impactson network congestion.

In order to understand likely behaviour of a battery engaged in wholesale trades, an
understanding of likely revenues is necessary, in order to choose financially plausible scenarios
of battery actions.Battery cycling behaviour is also an aspect which could potentially affect

scenario selection, and so is also considered in this chapter.

4.3.2. Choice of modelling approach

Clearly, a number of modelling approaches could have been used in this work.

Regarding model formulation, various approaches, including an optimisation or an-agent

based approach (or some combination of the two) could be appropriate. The key objective of

this modelling is the output of a credible timeseries of power delivery aadsumption of a

battery, in order to inform a network operator or system planner of potential behaviours of

batteries on networks. Ideally this study would include multiple scenarios. While battery

owners themselves are likely to wish to optimise theiy’ 02 YAy 3 OF aKFf2gax Iy a3
may depend on external factors, such as the business model chosen, the interaction between
oFGGSNE OeOfAy3ds dzaSFdz tATFSGAYS yR LRaaArofe ¢
possible wish to engage in multipdetivities, all factors beyond this study. An agbased

I LILINE | OK = wiha [baReByzadidtB]add bé [196]is thus considered more useful

and has been selected. Scenarios are selected which are intended to depict credible actions of

a battery owner.

Regarding the degree of complexity appropriate for this model, for arbitrage activities, likely to

be around 12 cyclesa day this pattern of activity is within the timescale where a simple

6ot Ol 02E¢ Y2RSf Aa O2yaARSNBR (2 3IA@S Iy I 008
GKS O2YLX SEAGASE 2F (KS GoKASRLEOR¥R | RIjdEREE Sy
0 | & S fiad justified for an initial study. They may be considered for future work.

Incorporating battery degradation, not perford in this study, would also add to complexity
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of the model. It would be ideal to incorporate some reference to degradation, insofar as it
might affect modes of operation of the battery; these are considered as sensitivities in some of

the modelling runs.

4.3.3. General principles and overall formulation
A battery owner, wishing to engage in wholesale trades, would wish to import energy at times

of low price, and sell at times when the price is higher, as describid@

This model simulates such decisions, for three case study periods during 2022. The model is a
singleagent model that represents rational decision making of a battery operator, as shown

schematically ifFigurel6.

Logic

Figurel6 Schematic of battery model formulation

4.4.Model inputs
4.4.1. Variables: electricity wholesale price datasets

4.4.1.1. Nature of the variables
The input variables are contained in a timeseries dataset of GB wholesale electricity prices. The
key variables are

Dataset temporal resolution (hr) timestep

And at any time t:

Wholesale price (E/MWHh) at every timestep price(t)
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4.4.1.2. Price datasets
There is nasingleprice for electricity within GB, as trades can occur bilaterally between
generators, suppliers and other entities. Spot markets are available for day aheadday in
trades, run by two companies: Nordpool and EPHEX%], [206] Price datasets can be
purchased from these companies at commercial rates. Nordpool and EPEX prices can be
viewed without cost online (though not downloaded); visibility of EPEX poitdts websites
restricted to within a few days of the viewing daténtraday spot prices are available fioee
R2g6yft2FR FTNRBY 9f SE2y P67] Baly Alikaf frrices paRie Hownlda#ledS R G |
without cost from ENTSOE webdi#98], [209] unfortunately, available data for GB do not go
beyond the end of 2020.

For a battery owner, there angros and cons of trading in dahead auctios, intraday

auctions, and the continuous intraday markeédverall wlumes of tradesre highest in the

Nordpool dayahead auctiorf210]. Dayahead prices give greater certainty aedable

planningand easier optimisationf anasse schedule which may explain wh@B battery

systemsappeared to favour these platforms, as of 20pAL1]. (This feature of dayahead

LI I GF2N¥ya YIé& SELXIFAY K& NBGFAT SN hOG2Lidza dza S
0 F NR T T §212p) Hawe Wl ifratlay prices tend to be more volatitean dayahead thus

providing greater opportunity for the most pritdible battery trades[211], but also presenting

therisk of & ¢ Dried odile for a batterycompared to that of a daghead platform)

and also of prices differing from forecasts, which could prevent best use of as¥#ts.

deviations from forecasts and other platforms are mostlikely G KS OF aS 2F 9t 9. Qa

intraday platform[210].

The model can run on both intraday and day ahead price dalee scenarios selected for this
work useday-ahead prices, which is typical of actual batteries. However saatterty systems
do use intradayplatforms, and thuswould beguided by prices which at times will diffsom

the prices used in this work

All simulations used Nordpool Day Ahead price data, which areéhofil resolution. The data

were all manually transcribed, and so may contain transcription errors.

4.4.1.3. The three case study periods
As stated in the previous chapter, this study uses thre@®p case study periods during 2022,
selected to include different conditions of weather, demands and wholesale prices, as

summarised inrablel6 (presented earlier in the previous chapter Bable6). Inspection of
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different conditions of these factors is used in the following chapters to investigate possible

interactions between expected battery behaviour,

Tablel6Case study seasons

wind generation, and electricity demands.

nearzero wind for
a few days.

diurnal price range. Prices
fell sharply near the end of
the case study period,

coinciding with a change ir

weather.

Season Start End Scottish BM Wind | Wholesale electricity Weather
date date availability prices
(combined onshore
and offshore)
& { dzY Y § 26 May | 29 Jun | Low for most of the| Relatively low and with loW Mostly sunny.
2022 2022 period, with several| volatility for most of the and warm
short-duration time, with a few episodes
high-wind episodes | of small price spikes or
dips.
G ! dzii dzY 25 Sept| 29 Oct | High for most of the Significant volatility during| Mild and
2022 period, with brief early part, with prices windy
lower-wind becoming lower and
interludes. calmer towards the end.
G2 Ay (917 Nov | 21 Dec| Moderate to fairly | Initially moderate. Very Mild and
2022 2022 high at the very high price spikes during th| windy, then
start and end of the| early evening peak ona | very cold and
case study. A few days during late Nov | calm, ending
prolonged (cold) and early Dec. The early | on milder
low-wind period in | December cold shap saw | windier
the middle, with high prices with a large weather

Wind availability and outputs were ascertained from Balancing Mechanism data.

Inspection of price data for the Irish electricity market, available for free download from

ENTSOR08], [209] was used as a guide to likely prices within GB, the Irish system being

heavily interconnected with the GB one.

The wholesale prices timeseries charts are displaydtdguarel?.

Clock times are as downloaded from the Nordpool and are in CET / CEST, one hour earlier than

UK clock time.
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Figurel7 Wholesale prices (Nordpool DA). (a) and-®ummer case styd (c) and (d}; Autumn case study; (e)
Winter case study

These charts show several features of interest. First, the magnitude and volatility of the prices
varied between seasons, and within each season. The summer season had relatively calm and

low prices, by the standards of 202#ith in-day variation of around £5000/MWh, exceeded

ononly afewdaydJNA OS& NI y3ISR 2 @SN u3RBAVIWH.KThé aBuma 8 ST a2y ¢
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season started with more volatile prigesith in-day price variations up to around £200/MWh,
the in-day rangeaeducing to around £50/MWh for the last few daysid a wholeseason price
range of £6500/MWh. Both summer and autumn seasons haaéigh frequency gbrice
variations,which is shown in greater detail in later sectiorfe winter case study started

with relatively calm pricedpllowed byvery high price spikes, of around £1000/MWh,two

days at the end of November, and an even higher psjg&e in midDecember. The central 2
weeks of the season had a very pronounced diurnal pategth prices varying daily from
£200MWh to around £100-500MWh. The frequency of price variations is markedly less than
the other two seasons.The magnitude of the prices, the-@ay price variations, and the
frequency of price variations, all affect the timings and frequency of battery energy flows that
I GNJF GA2y Ll f 0 geilniaS NBescribédirdgteRter 8eyailih the following sections.

4.4.2. Battery Parameters used in the model

4.4.2.1. Fixed battery parameters
The fixed battery parameters set the key features of the simulated battery. These parameters
are fixed for the whole of every simulation run. For simplicity, the retipdlosses are

modelled as occurring only during charging, and not during discharging

Maximum export power (MW) Pmax

Maximum import power (MW) bPmax

Simulation timestep (hr) timestep

Battery duration (exporting at Pmax) (hr) D

Battery energy capacity (MWh) batt energy capacity

Maximum State of Charge SOCmax

Minimum State of Charge SOC _min

RoundHrip efficiency (fraction) h IO OA#&#6 ET &1 117 xEJC

Round-rip losses (fraction) losses

Battery duration (importing) (hr) Dimport

Where: OOMNE Qi dr OOVHDd O (4.2)
aei i pi- 4.3)
(6]

o © 4.4
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Battery energy capacity refers to thuseableenergy capacity, which the battery can discharge

repeatedly, from SOC_max to SOC_min, without sustaining damage.

4.4.2.2. Values of fixed battery parameters selected
The battery model initially chose parameters broadly typical of lithium ion batteries, which are
commercially viable at presenSome analyses were performed using parameters
representative of flow batteries, to illustrate effect of different duration batteri@he values

selected are summarised irablel?.

Tablel7 Values of battery parameters used in the modelling

Parameter Default value Other Comments
used in values
modelling used
timestep 1 hour Value set by resolution of wholesale price
dataset
Pmax 1MW
2 hr 2hr, and 1hr and 4hr, chosen to represent
1hr, ahr ion battery or a similar shorduration
D battery.
12 hr Limited investigation of 12 hour battery,

representing flow battery

SOC_max 1 Defined as maximun A battery charge
safe level of charge | controller is

SOC_min 0 Defined as minimum| assumed to maintair
safe level of charge | the SOC within thesg

limits

" 0.85,(0.15) Representing total system losses form a

and lithium ion battery or similar, encompassin

corresponding losses from ancillary equipment, including

(losses) inverter, charge controller, battery

management system and potentially coolir|
or heating, as well as the battery itself.
0.7,(0.3) | Limited investigations

Mainly used with 1zhour duration batteries
simulations, representing higher losses frg
flow batteries
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Standing losses are considered small in comparison to reumdbsseq186], and are not
simulated. Similarly, battery degradation is considered to be negligible over the short time

period studied, and is not simulated either.

This model considers cashflows only from buying and selling electricity. Other essential
business cashflows, such as costs of Operation and Maintenance (O&M) and financing, are

excluded.

4.4.2.3. Initial battery parameters

There are further parameters which vary during the course of every simulation.
Initial values are required for the following:
Initial Accumulated cashflow Accum cash(t=0) setto O

Initial State of Charge SOC(t=0) set to 0.546

4.4.3. Trading parameters

The trading parameters represent foresight of market price information, and appetite for

trading.
Period of perfect foresight of market price (hr) visibility window

Appetite for trading trading strategy

At every timestep, the battery agent has visibility of the forthcoming pneiisin the visibility
window, for example, over the next Bours Trading prices which are favourable for selling

energy (high prices) and buying energy (low prices) are determined in comparison to the

émaximum market price I piiltmutn marketprice A G KAY GKS @AAAOAf AGER

Figurel8.

46 Unless otherwise stated
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Figurel8 Battery trading behaviour: key parametér8Vithin the range of prices that
are about to occur within the visibility windogize. time horizony Huy pdcé | & 2 NJ 6 St 26

GKAOK Al A& Tl @2 daNT &ell Bicél 21 D d28NJ SI sS2OBNAORANI @K A (Y RA
sell energy, are set, with the aid of two further parameters: tharket price gapand the
chosentrading strategy
0 Oi "QROTEN ¢ o Qaddi QA oQANE Qatodi QA 0Q0
(45)
Market price gaps specific to that timestep, within the forthcoming visibility window of price.
The trading strategy sets the point within the market price gap at which prices are deemed

favourable for trading. Four different trading strategies were used, which are shoWambile

18.

Tablel8 Battery trading strategies

Trading strategy Market price at which battery will buy or
sell: position within themarket price gap
WE Q¥ell pFiéeNJ | W& QbuyFp2ids]
W nmgE:Q o0W. dza é 60% 40%
WHpE:2Q 6Waz2RS) 75% 25%
WmME>Q 6W2 I A 90% 10%
Wp2Q oWz Al T 95% 5%

47|nthe contextofaday KSIF R G NJ RA Yy 3 |HfurelisFefedds the time &t which the/
battery has been committed to operate, or not operate, in an auction the preceding day. In an
O2yGAydz2dza AYGNIRIF& LEFGF2N)VIET 2y GKS 20KSNJ KFYyRX dab
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[ QiiaQOI0E Qadddi "B OQanEr (1 Q0 0"OG (4.6)

@O P "QOBINE QA "B 6 QE i QA 0"QGEN 4.7)
These parameters are illustrated Figurel9.
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Figurel9 Battery trading behaviour: market price gap, buy price and sell price

For example, if the minimum market price in the visibility window is £200/MWh, and the
maximum is £300/MWh, thenarketprice gapis £100/MWh. In theéd0% /0 dzas&ategy, the
battery will buy if the market price falls to £240/MWh or below, and will sell if the market price
rises to £260/MWh or above. InthB8% /6 I A (i T 2 Ndtrat&yy, the Haiedy ®iSanly buy

if market price falls to £205/MWh or lower, and will only sell at market prices of at least
£295/MWh.

The chosem (i NI R A y Fand i i SaAR {4 AdgaherdoknytRez @ NI RA Yy 3 & OSy | NJ
used for the simulation run, as shownhigure20. Visibility windows from 2 hours to 72 hours

were used in simulation$®

For each simulation run, the visibility window and trading strategy are fixed for the whole run.
Simulations were repeated with all combinations of chosen visibility windows and trading

strategies.

48 The effect of increasing length of visibility window is shown in the Results secfion
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Figure20 Schematic of Trading Scenario

4.5.Model logic

The battery agent uses deterministic logic to represent the actions of a battery owner, at every

timestep.

4.5.1. Introducing the parameters

At every timestep t, the following parameters are calculated and recorded:

power flow (exporting) (MW) P

energy exported this timestep (MWh) e_out(t)

energy imported this timestep (MWh) e _in()

cashflow increment this timestep (£) cash(t)

energy stored within battery after timestep t (MWh) stored E(t)

State ofCharge after timestep t soqt)
Where stored E#) = stored E ®1)be out(t) +e in(®) 8 s (4.8)
and v e i 0¢€ 100N i 0€ 100 4.9

YU 00

QGO OE Qi 6N OO QDD & O w
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When exporting

For P (1) > 0:
e out(t) =P (). timestep (4.10)
e in®)=0 (4.11)
cash(t) = e_out (1) . price (t) = P (1) . timestep . price (1 (4.12)

When importing

For P(1) < 0:
e out(t) =0 (4.13)
e in(®)=bP (). timestep (4.14)
cash (t) = be_in(t) . price (1) = P (1) . timestep . price (1) (4.15)

4.5.2. Determination of power flowsP (t)

At every timestep, the rules encoded in the battery agent, together with the input variables of
price and trading scenario, and the battery SOC prior to this timestep, determine whether the

battery will import, export, or not trade, and if exporting or imying, at what power.

For a trade to proceed, 3 criteria must be satisfied, as described below. A fourth rule

determines the magnitude of power flow of a trade. These rules are summarisedure2l.
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Questions ) | Inputs Decisions and Outcomes

Is price pnce,
favourable buy prioe
to trade? sell price price > buy price
Is trade price.
financially
viable, bu: price,
considering STOS‘:::'
losses?
¢
Does SOC
allow SOC
the trade?
Magnitude sgc
of power ST, ; 1-SOC).D <
flow? timestep, SOC.D < tmestep (ﬁmestez:.eﬂ‘
eff
reduced-power export. full power reduced-power import full power
P < Pmax export |P] < |Pmax| import
P = Pmax(SOC.D / timestep) P = Pmax P =-Pmax((1-S0C).0 / {timestep.=ff) P =-Pmax

) |
Final EXPORT EXPORT 'MPORT IMPORT
at reduced at reduced
outcome power at full power, power at FULL power;

Figure21 Battery agent heuristics for determining action at each time step.

OwWSR a-¢é AYRAOFGS&a (KS G Niutrip&ficieeySa y2i0 LINROSSRo GaSTFE
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45.2.1. Wholesale Price must be suitable for a trade

As described in Sectigh4.3

If  price (t) >= sell price price at this timestep is suitable for expor (4.16)

If price (t) <= buy price price at this timestep is suitable for impor (4.17)

4.5.2.2. Theenvisagedrade must be financially viable, considering the cost of
roundHrip losses
Trades in which there is only a small difference in price at which energy is bought and sold may
be financially lossnaking, even if the prices are deemed favourable for trade by the above
rule. This situation is especially likely for pricing pattern& wihall variations in price, for
battery scenarios with high rounttip losses (30% or higher), or where trading prices of energy
are high. This rule is intended to prevent trades which are financiallyraging or only

marginally profitable.

If projected cost of roundtrip losses of this trade (418)
>= projected net incomefrom this trade

then the trade does not proceed.
P@M=0

The battery agent has no foresight of the next timestep at which it will next trade; it operates
only in the current timestep, with limited foresight of future market prices. So the battery
' ASy ( dza Sa ~uKdiceorsel priscadipBkiis for the price at which it wilext

purchase or sell energy.
Price favourable for export

Estimated cost of losseg&om this trade (£/MWh) = buy price . losses (4.19)

Estimatednet income from this trade (£/MWh) = price g buy price (4.20)

If Price gz buy price > buy price . losses (4.21)
which can be expressed a: Price g buy price > buy price . (1b s (4.22)
then the exporttrade may proceed.

otherwise the battery does not trade at this timestep.

CKA& Nzt ST dzy RSNJ aSELRNIAY IE FiQRef?RAGAZ2Y &S A&
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Trading Price (E / MWHh)

price -, — -

Est. cost of losses

Proxy for =

revenue round-trip losses * buy price

from next trade
Y ____Buy
price
= = =
' time

Figue22L £ £ dZAGNI GA2Yy 2F GFAYlFyOAlLtte @GAlIotS GNIRSéE Nif Sz 6KSy
Price favourable foimport

Estimated cost of losseg&om this trade (£/MWh) = price . losses (423

Estimatednet income from this trade (£/MWh) = sell price g price (4.24)

If sell pricet price > price . losses (4.25)
which can be expressed a sell priceb price > price . (175 (4.26)
then the import trademay proceed.

otherwise the battery does not trade at this timestep.

CKA& Nzt ST dzy RSNJ aSELIRNIAY IE FiuBegBRAGAZY&EAT A& Aff

Trading Price (£ / MWh)

Sell
price
Cost of losses =
round-trip losses * price

b

price - 1

Proxy for
revenue
from next trade

Figue23L f f dzZa NI GA2Y 2F aFAYlFIyOAlfte @GAlIofS (GNIXRSE NHA ST gKSy
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4.5.2.3. The battery SOC must allow the tradehe envisaged direction

The battery cannot export when it is empty, not import when fully charged.

If SOC(tb 1) >0 then an export trade may proceed (4.27)
otherwise an export trade does not proceed
If SOC(tv 1) < 1 then an import trade may proceed (4.28)
otherwise an import trade does not proceed

This logic states whether a trade the envisaged direction (i.e. import or expomnipy take
place at all. The logic in the following subsection determines whether the SOC might limit the

magnitude of thepower flow.

4.5.2.4. Magnitude of Power flow P(t)

The battery always exports and imports at full power, whenever its SOC allows.

When exporting

If energy contained in battery i 0¢10QQ 0/ Ag 8 OE (429)
i < 0 Q& Qi oQr
which can be expressed as Yo 6 : n (4.30)
O
(as: . > i ) (4.31)
then P (1) = Pmax (4.32)
At lower values of SOC, the battery fully discharges at this timeatdpwer power
If . 0 Qa Qi o0 Qn (4.33)

G &
v 0
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then  energy export this timestep, e_ot):

Q 0 & Qa4 Qi
i 0€£€DQQ
(4.34)
Y& 8 N0 0 QE QI MVOONA O
Y & a o
and power this timestep, P(t):
06 0adyoo o (4.35)
% Qaqi oQn '
So overall 0O 0Aa®s& Elph "Y0 6 o (4.36)
! Lo Lvao P YO Haaaqiec

Whenimporting
Similarly the battery imports at full power if there is enough remaining capacity in the battery.
Roundtrip losses are modelled to occur during imports.

If unfilled capacity in battery:

0O ME Qi XN OO "DOOGE 10Q'Q 0l A@ 8s
(4.37)
which can be expressed a: 0 "MEQIBd Qr
o Y06 0 PAEO RN 438
(@)
then 0 o 0dO® (4.39)
At higher values of SOC, the battery fully charges at this timeateqgduced power
g 0 "Qa Qig0 QN
If p YUO 0 (4.40)
then 0o 0 adsdp YOO a0 (4.41)
0 Qa'QB-6 Qn
S I 0 ¢ 0 & O& E Iph YO 6 o 442
0 overa 0O 0aw p p 0O 5706 O8O O (442)
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4.5.3. Cumulative total energy and overall net revenue values

At every timestep, the overall energy imped and exported during the simulatipand

overall net revenue from energy trades (iscumulatedcashflowvalueg, are as shown:

total energy delivered (MWh) E out®t)
total energy imported (MWh) E in(®)
total accumulated cashflow (£) Accum_cashft)
where
0¢ o Qe 0 @
(4.43)
0"Qeo QQeo
(4.44)
0 O @R o QR 0
(4.45)

Negative values of accumulated cashflows are permiti@ithe battery logic allows cashflows
below zero, for example following a purchase of electricity at the start of the run. The logic
does not force accumulated cashflows to be above zero, though the rule taking into account

the cost of roundtrip losses awids most lossnaking trades.)

4.6.Model outputs

The model has key outputs at every timestep, and at the end of the simulation run. They are:

4.6.1. Timeseries outputs.

The timeseries dP (t) for the whole simulation is a key output.

Timeseries values &OC (t)andAccum_caslkft) are also of interest.
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4.6.2. Final values at end of simulation
The key final value outputs are: total values of energy deliveEea (), and energy imported

(E_in), and accumulated cashflovx¢cum_cash) accrued during the whole simulation run.
The final value of SOC is also important.

The final accumulated cashflow total is adjusted to take into account any SOC difference

between the start and finish of the run, using the final wholesale price.
d OOEEROQMOI 6QQ
o _ . (4.46)
0 W oER QA GAYD FQQE GWYD 60 1 & d K& | QRVE wa
The number of battery cycles deemed to have occurred, based on total energy transfers, are

e s TR o s s en s Q€ 0 QQE GO
0 £ WO WET OO Oufxd X Q————
SR} D) (4.47)

Average daily cashflow accrual and battery cycling are as follows:

~ ~ PO - T
GO QI ORDO a6 OEARMIQN GO & O EXEROQ Q6 iégnn @48)

VIR RSN O X S I O O L (o ¥
DL QI OO WA O O0GiXD o] QR D W —F—F———— 8
L a O 0 (4.49)

wheret, runduration, is in hours.

4.7.Battery simulation results: part 1. Base case battery parameters
LYAGAFE Ay@SadAalridrzya 6SNB LISNF2NYSR 2y

Pmax =1 MW, duration = 2 hours, routnp efficiency = 85%.

tYFE 61 a&a aSG d m a2 & F+ alOltlroftS adzyai

batteries.

I a0l asS OFaSé RdzNI GA2y 2 Fconsideking teMgBhmidtladd RS SY SR

Staffell reported median durations of deployed lithidmattery installations of 1.3 hours, with

a 2575 percentilerange of 0.7 3.8 hours, based on U.S. Department of Energy Ha8],
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[110]. [109]also suggest a typical round trip efficiency of a lithium ion battery system of

around 85%.

4.7.1. Comparison of different trading scenarios by overall net revenue
Simulations were run for all trading scenarios, i.e. all combinations of visibility window and

trading strategy, as previously described in Secigh3

Figure24 shows howthe accumulated net revenugom the simulation (shown as botiotal
andaverage per dagpver the simulation period) varies with the length of the visibility window
(2 to 72 hours), for each of the four trading strategies, for the summer, autumn and winter

case studies.

A logarithmic xaxis, to base 2, is used to allow clear inspection of the visibility windows

relevant to this zhour battery, with greatest detail in the range of 2 to 8 hours.

The scenario which yields the highest accrued overall net revenue from the traideeach

case study season and set of battery parametétsi Ol f f SR (KS ao6Said OF aKTFf

The charts irFigure24 show that for this base caselur battery, good financial results were
obtained from simulations using visibility windows of 2 to 4 hours, using all trading strategies,
in all three case study seasons. In the winter case study alone, some of thetsaditegies

also gave good results with visibility windows e8 Bours.

In each season, there was asingle highel§ NF 2 NY¥Ay 3 ao6Said OFakKFtz2gé &0

were also several other scenarios which yielded similar financial results. In contrast,
simulations using longer visibility windows gave much poorer financiébimeance. This is
because the model logic uses the highest and lowest prices occurring during the whole

GraroAfAGE 6AYR26 Ay &aSGiGAYy3 GKS dodz LINAOSE |

Y

in the future would more often cause the simulatetl i G SN® | 3Sy G G2 Ofl aa ay2

conditions unfavourable to trade (as there are better prices in the future). Thus, battery
activity generally declines with increasing length of visibility window, and so, usually, does its

income?*°

49 This feature of the model prevents it from being able to optimise battery activity over a long time
trajectory, given extended foresight of pricing data. However, given the restricted foresight of data on
real trading platforms, this model is neverthedesonsidered useful.
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Figure24 Variation of net revenue with length of visibility window and trading strategy, base case battery. (a) and

(b) Summer; (c) and (d) autumn; (e ) and (f) winter case studies. (a), (c ) and (e) showing overall net revenue accrual
for the whole 35 day caseugly; (b), (d) and (f) showing average daily net revenue accrual over the case study

season.
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C2NJ Fff GKNBS asSrazyas (GKS aoSai OFakKTizgé aoS)y
Y2RSNI 0S¢ GNIRAYy3I &adN)IGS3ex akKz2gy Ay 2N}y3aS Ay
hours.

LYAdArttes G0KS aoSald OFakKT¥ftz2ge aOSylFNR2a F2NI (F
in the following section. Later, some other tradsenariogfor reduced battery cyclingyere

investigated in Sectiom.7.4 In Sectiom.8the financial performance of batteries of other

durations and rounérip efficiencies is displayed and discussed.

4.7.2. Simulation resultg timeseriesplots a0 Sad OF aK¥f 2g¢é¢ &a0Sy

Battery simulation results for each case study period are shown befagure25 shows
timeseries of variables associated with the battery activity, for the whole of the summer case
study period. The wholesale price, sell and buy prices are displayed in the top chart; the
battery SOC in the middle chart, and overall net revenuegashflow accrualin the bottom

chart.

Figure26 and Figure27 show timeseries for the same variables during the autumn and winter

case studies, respectively.

Battery and trading parameters are shownTiablel19.
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Timestep count
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Date and time

—— Wholesale price —— Battery S0OC
— Sell price = HMet revenue {accumulated cashflow)
Buy price

Figure25{ dzY YS NJ OF 4SS &aiéidzRé o6op RI&&a0X ol asS OFrLasS o6maz2knHa2 KO ol
wholesale price, buy and sell prices, battery SOC and overall net revenue (accumulated cashflow). Parameters in
Tablel9

Timestep count
0 1a8 k6 504 672 B40

£400

Prices, £ / MWh

S50C
(=]
n

00 LI LA L
£10,000

£5,000 1

Net Revenue

Date and time

—— Wholesale price  —— Battery SOC
— Sell price = Net revenue {accumulated cashflow)
Buy price

Figure26! dzii dzyy Ol aS addzRé o6op RIFI&auvz o6FasS OlFasS o6mazkHa2KO ol
wholesale price, buy and sell prices, battery SOC and overall net revenue (accumulated cashflow). Parameters as
shown inTable19
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Figure27 Winter case study (3Bays)base case (IMW/2MWh) batteng 6 S&a i Ol & K FTin®esedesGf OSy I N& 2
wholesale price, buy and sell prices, battery SOC and overall net revenue (accumulated cashflow). Parameters
shown inTablel9

Tablel9 Battery simulation results: default battery parameters used

Figure Case Battery parameters Scenario: Scenario
study Trading parameters choice
season | Pmax, | Duration, | Round trip | Visibility | Trading criterion

MW hr efficiency | window, strategy
hr

Figure25 | Summer| 1 2 85% 3 AHp: € a. Sai

6aY2RSNOI aK¥
Autumn | 1 2 85% 3 AHpsé a. Sai

Figure26 0aY2RSNOF &aK¥

Figure27 | Winter | 1 2 85% 3 GH P2 € a. Sai

6aY2RSNOI aK¥

Chapter 4Annex Ishows the above timeseries, broken down by week, for clearer inspection.

A few examples of sing\@eek plots are shown below igure28 and Figure29.
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Figure28 Two Tweek plots of battery simulatiogillustrating changeable patterns afcling Summer, 3rd week, and Autumri! week, respectively.Base case (IMW/2MWh)
battery,cbS & G OF aKFf 2 gécasasOSY I NA2 Ay 020K
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Figure29 Two tweek plots of battery simulatiogillustrating regular trading patterns. Autumnd@eek, regular Zycles day, and Winter, 8 week, regular tycld day. Base case
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Figure28 and Figure29 allow several observations. First, most of the battery actions are full
cycles, i.e. the battery goes from full to empty (requiring 2 timesteps) or vice versa (requiring 2
timesteps at full power and a third at reduced power), such as illustrat€&igure29, though

there are occasions when the battery action will pause while the battery isgbertged or
part-discharged, with several such occasionEigure28. Second, in summer and autumn, on
most days there are around twayclesper day (shown in both above figures). Very

occasionally there is more frequent activity; on some days there is only a single battery cycle.
Third, in winter, for the first ten days, there are one or two battery cycles per day, but in
thereafter, almostevery dayhas a very strong oneycle-a-day diurnal patternfor example as

shown inFigure29.

The diurnal pattern, in particular the frequency and times of day at which the battery imports

and exports, are discussed in greater detail in Sectign3

4.7.3. Battery cycling by time of day
¢CKS F2tf2¢gAy3 OKIFINIA& akKz2g F3IINBIFGSR OlAzya 21
O aKTt26¢ a0Syl NA2s e byitime ¢ dag) DieditheSvmofefi t SNA 2 R
each 35day case study time periodRlotsT 2 NJ 6 KS G0 Sa il fQleacKseadschg ¢ & 0SSyl

are shown below.

As the price data are offir resolution, the timestep is one hour, and so the plots below can

only show odénumbered SPs.

In the event that the 1 MW simulated battery imported or exported at the same SP every day
duringthe35RI & O 4S8 aidzReées GKIFG AYLRNI 2N SELRZ NI LS
horizontal line, set at 35 MWh. Import and export peaks at lower levelsatelactions do not

occur every day at the same time.

50 Settlement periods, which last 30 minutes, start at 1, for midnight to 12:20AM, up to 48, for 11:30PM
¢ midnight.
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This chart shows that on most days of the summer case study, the simulated battery exported in the morning, around &l arat also in the
early evening, around SP 39 (7pm). Most days there was import activity during the night, most often af®and and in the early afternoon. On a

few days there waactivity at other times.

All case studies show a clear nigimbe import, and a clear late afternoon or early evening export (the latter peaking at 7pm in summer, 6pm in

F dzidzYyZ YR pLIY Ay @gAYyGSND @ { dzy-©8 QJ § § RLIS NAl BAY § ¢ QiboSabrhoMit PetphiBAnicha K B o Y BR
peaks at 8am; a middlef-the day importpeak is distinct in summer and autumn, peaking at 1pm. In winter, morning exports and midday imports

only occurred on a few days over the whole of the simulation.
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In all seasons, there is very little activity at other times, though small aggregated exports,
occurring on only a few days, are seen in summer and autumn late at night, and in summer
only, also around midday. On around 2 days during each case study,pbeoe is an

additional import around 7am.

These and similar plots are used later to facilitate comparison between simulated and real

batteries, as discussed in Sectibd.

4.7.4. Other scenarios, with lower battery cycling
The above simulations set no limit to the frequency of battery cycling. The scenarios which
BASEtRSR GKS fFNBSald 20SNYtt ySi NB@SydzSa 6ao
day as shown ifiable20. For the 1 MW /2 MWh battery, an energy transfer of 2 MWh / day

(V)]
Qx
—

represents an average of one cycle / day, though it may be achieved from a combination of

multiple partcharges.

Table20 Average dailpattery cyclesa 6 Sa i Ol a K T, ba®aicése Batief/y I NA 2 &

Case study Average energy delivere( Average no. of
per day, MWh battery cycles per day
Summer 3.41 1.7
Autumn 3.98 2.0
Winter 2.21 1.1

Batteries have limited lifetimes, and their lotgrm performance may be adversely affected

by frequent cycling; some battery warranty conditions may stipulate cythmts or other

restrictions in cycling. df example][213] appears to stipulate an aggregate throughput of

SySNEBeé fSaa 0GKFry wm FdzZt 0O8O0tS LISNIRIFI& 20SN GKS
under some conditions. This section considers the average number of cycles per day of the

different simulations.

For the summer and autumn cagell dZRA S&a> (KS ao0Said OlFlaK2f26é &aoOSy
cyclesper day, on average. This is not surprising, when viewing the timeseries pattern of the

trading price Figurel?): most days, the wholesale price has two peaks a day, morning and

early evening. In contrast, the winter case studyk S a0 Said OF aKFt26¢ &AO0OSYy Il NJ
cycle per day on average. Again, this is not surprising, given that the price timeseries shows a

distinct onepeaka-day patternc a high price peak in the late afternoeffior much of the case

study period.
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¢tKAa ¢2NJ] O2yaAiR Sogdhachin@reathiedinglyclad geSdans Mhepessary
constraint. Te following scenarigsn Table21, give the best compromise of reducing overall
battery cycling to around or at a 1 battery cycle per day, and identifying a battery trading

scenario with the highest net revenue which complies with the battery cycling constraint.

Table2l . F GG SNE OeOfAy3I a0SylINAR2AOD a.Sad OFrakKFftz2eé FyR FfGSN

Case . Sald OF aKFf 2 ¢ | Second choice Third choice
study daz2¥d¢ m Oeldft §aKlFNR:E m OeOf
season | Scenario Av. Av. daily | Scenario | Av. Av. daily | Scenario| Batt Av. daily
(trading batt net (trading batt net (trading | cycles | net
strategy, cycles | revenue | strategy, | cycles | revenue | strategy,| /day | revenue
visibility /day | £/day visibility /day | £/day visibility £/day
window) window) window)
Summer | & H pii2 K 1.70 £157 api: o k| 1.18 £137 a mUsE: | 0.97 £126
Y2 RSN best good
3 hrs LINX OS LINK O
5 hrs 6 hrs
Autumn | & H pir K 1.99 £300 a Pz k| 1.18 £241 a mJsE: | 0.99 £215
Y2 RS NJ best good
3 hrs LINK OS LINK O
5hrs 6 hrs
Winter aGHp Kk |111 £354 apiz k| 1.04 £344 an gz | 097 | £351
51 Y2 RS NI best 0 dzi 8
3 hrs LINR OS 3hrs
4 hrs

Figure31ldisplays the average energy exports per day, for all trading parameters considered,

T2NJ GKS 3dzYYSNE FdzidzYy FyR @gAYGSNI OFas addzRAaSac
OF LI OAGeé Aa GKS tAYAG 2F I @SNI 3S hichlbaitérg Sy SNH@
cycling must be limited to around 1 cycle per day on avePageigure32is the corresponding

chart showing average daily net revenues from all trading scenarios.

SILY 2 AYGSNJ OF aS-020dRe EFISHNK BRI eKEARBY I MA 2 oanm: kK 0dzade
GazFde m O8Ot S LISNIRIFE oap: k 0Sad LINAOS:<0O

52 Figure31also illustrates that increasing the duration of the visibility window beyond about 4 hours

(for a 2hour battery) results in lower volume of energy transfers. As mentioned in Setfiah this

occurs because a longer visibility window generally has sight of both higher and lower prices, which set

the bounds of present price which is favourable for trade. Thus, fewer instances of current price are

favourable for trade, and activity decés.
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(p))

CKA& OKFNI akKz2ga OGKFG F2NJ GKS gAYy GSNI OF &S & dzR¢
0KS RSAANBR am O8OfS LISNI RFHeé O2yRAGAZ2YAT K24S5¢
different trading scenario would have to be selected to reduceirgdb near to 1 cycle per

day. For summer and autumn case studies, reducing the cycling had a significant negative

impact on revenue accrual, as showrFigure32.

CAYSASNRASE OKINI&a 2F ol G§GSNB I Oldydidgsaenaday RS NJ (K¢
areshown inChapter4 Annex2 Annex2.1. In summer and autumn there are periods of lower

F QOGA@GAGE Ay (KS&aS aoOSyFNAR2az O2YLI NBR (2 GKS ac
plots of battery activity vs SP. These plots show that changing the scenario to reduce cycling

reduces the amount afverall activity (i.e. peaks are lower) but the times at which import and

export peaks occur do not change.

tKS$53aS GKNBS aoOSylFrNxza 6ao6S5aid Olghwrdfcgclepsd daf 2 6 SNJ
RFe fAYAGeOD IINB d&ASR Ay (KS F2tft2¢Ay3a OKI LI SNE
Scottish wind generation output and windfarm curtailment, and désas possible effects of

batteries on transmission network congestion.
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4.8.Battery simulation results: part @other battery parameters (durations
and round trips efficiency values)

4.8.1. Batteries of other durations: 1 hour, 4 hours and 12 hours.
Simulations were repeated for batteries of different durations. Fbolir and 4hour
batteries, the scenarios which yielded the highest accrued cashflows had broadly similar
patterns of battery activity to those of thef2our batteries. Different scenias gave best
cashflows:ford&K 2 dzNJ 6 I G G SNAS&az GKS d3I22R LINAROS¢ 2N aoSa
prices nearer the maximum or minimum prices within the time horizon of foresight), with
short visibility windows of -3 hours. For the-hourbal 0 SNA SaX aY2RSNI GS¢ 2N a
strategies gave the highest overall cashflows, in every case with a slightly longer visibility

window of 4 hours.

Batteries of 1zhour duration had very different patterns of behaviour, with full emptying and

Fdzf £ NBOKI NHAYy3I 200dzNNAy3I 2yfteée | FSs GAYSE RdzNJD
and visibility window around 10 hours gave highest simulated a&ccoashflow. Timeseries

plots of price, battery activity and cashflows for batteries of duration 1 to 12 hours are shown

in Chapter 4Annex 3plots (a) to (d) for each case study seasavi)h examples of results for

autumnand winter shown below irfFigure33and Figure34. Chapter 4Annex 3also contains

plots of battery activity by time of day for the same batteries. These found the same general

diurnal pattern of activity for batteries of all durations, though activity peaks were broader for

longer duration batteries. In the case of wantcase study, 2Rour batteries alone showed

significant export activity during the morning and daytime in addition to the principal export

time in late afternoon.
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Figure33 Comparing zhour and 12hour battery simulations. Autumn case study. Both batteries 85% ratipd
efficiency. Plots of timeseries, and of aggregate activity by Settlement Period
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Figure34 Comparing zhour and 12hour battery simulations. Winter case study. Both batteries 85% rettipd
efficiency. Plot of timeseries, and of aggregate activity by Settlement Period

4.8.2. Effect of increasing cycling losses
Because the model only allows trades to proceed if their expected income at least covers the
cost of roundtrip losses, as described in Sectidrb.2.2 increasing roundrip losses would be
expected to reduce the activity of the simulated battery, as with higher losses, more of the
trades¢ especially with a small difference between buy and selling prices, or when the price at

which electricity is purchased is highre classed as financially unviable, and so not allowed.
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For the 12hour batteries, simulations were performed with the 85% round trip, and also with
70% roundtrip efficiency, the latter considered more representative of likely behaviour of a
flow battery. This increase in losses has significant effect onlthé i Sinila@ed behaviour.
Simulated battery cycles were less frequent, about once per week. The scenarios giving the
0Sald OFIakK¥ft2g¢g G20Frta 6SNB Ay Ffyvyz2zad SOSNE
visibility windows of around 10 or arodr20 hours in most cases. The timeseries are plotted

in Chapter 4Annex Jplot (e) for everycase study seasorrigure35shows an example from

the summer case study period.
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Figure35 Summer case study. EffectofrosddNA L] STFAOASYy Oe 2y | OlAQAGe 2F
scenario. Plots of battery activity timeseries, and activity by Settlement Period, for 85% and 70%rifpund
batteries.
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For the short duration (2 hour) batteries, batteries of lower round trip efficiencies (70%, 60%

and 50%) were modelled for the winter scenario, and compared to the base case battery of

85% roundtrip efficiency. The results are shown in fulGhapter 4Annex 3Annex 3.4, with

two examples shown below iRigure36. These charts showhat on some days, the battery

behaves in a similar way at all values of rotrif efficiency. However, the battery with

higher losses has days of inactivity, the number of which increases with4topridsses. The

plot of activity by time of day shws similar generic diurnal pattern for batteries of all round

trip efficiency values, though the frequency of activity declines as losses increase.
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4.8.3. Effect of battery duration on cashflows

Table22lists the overall net revenues (accumulated cashflows) from batteries of different

duration, as net revenue per day, and as net revenue per day per MWh of battery capacity. All

gt dzSa INBE FT2NJ aoSaid OF mnCRapted Aanexdh similed tile, O& Of Ay 3
AyOf dzZRAY 3 ol GGSNE GNIRAY3I LI NIYSGSNAZ YR gAGK
gStt a aoSaild OFakK¥Fiz2pgé aOSylINR2aod

Table22 Batterynet revenues for different battery durations. Best cashflow scenarios, all seasons.

Case Battery parametery Results
study Duration,| Round | Net revenue (accumulateq Net revenue Battery cycling:
season | hrs -trip cashflow) average (accumulated cashflow)| Average
£/ dayover the whole per MWh batt capacity, | battery cycles /
case study season average£/ day.MWh day
summer| 1 85% £91.15 £91.15 1.85
2 85% £156.74 £78.37 1.70
4 85% £236.78 £59.20 1.39
12 85% £296.65 £24.72 0.46
12 70% £156.62 £13.05 0.22
autumn | 1 85% £174.63 £174.63 2.12
2 85% £300.36 £150.18 1.99
4 85% £427.89 £106.97 1.52
12 85% £502.50 £41.88 0.51
12 70% £334.95 £27.91 0.31
winter | 1 85% £208.97 £208.97 1.19
2 85% £354.08 £177.04 1.11
4 85% £541.23 £135.31 0.94
12 85% £724.75 £60.73 0.50
12 70% £441.16 £36.76 0.26

Figure37 (a)showsthe netrevenue per day of a 1 MW battery, for each of the case study
aSlhazyas YR AG&a GFENRIFGAZ2Y GAGK oO0F GGSNE RdzN) (A%
Lttt LRAyGa KFESS yp: NRBdzyR GNALI SFFAOASyOe SEOSL
which have 70% round trip efficiencg.a Ct 26 ol GGSNAS&a¢ INB 2yfeé Y2RS
duration.) This chart illustrates how battery net revenues increase with increasing battery

duration, but that the increase diminishes with increasing battery duration. It also illustrates

how net revenues varied considerably between the case study seasogusce37 (b) shows

how the daily net revenue per MWh of battery capacity declines steeply with increasing

battery duration. These results are remarkably consistent across the three case study seasons,

despite the large differences in net revenue values themselves
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Thesecharts show that accrued cashflows increase with battery duration, but the increase is
not linear. For example, albur battery would only make around 50% more revenue than a
2-hour battery Figure37a). A Ihour battery would perform around 20% better, in terms of
revenue per MWh, than the-Bour battery Figure38b); a 4hour battery would accrue

around only 75% of the net revenue per MWh of-Adlr battery, and a 1-hour battery (of

85% round trip efficiencygnlyabout 30% of the net revenue per MWh of dn@ur battery
(Figure38b). A 1zhour battery of 70% round trip efficiency would make a similar
accumulated cashflow to alt2our battery of 85% round trip efficien€ffigure37a). These
results hold for all case study seasons. These generic reghlsincreasing battery duration
brings diminishing returns: arbitrage incorper kWhof battery energy capacitgecreasess

battery durationincreases are also reported ifi95].

Chapter 4Annex 4 f a2 Ay Of dzRS&a O2NNBALRYRAY 3 3INI LKA
NBadzA §a NS aAYAEIN G2 GKS ao0Said OFakK¥fzg¢é

T2 NJ

NI & c

STFSOG 2F GKAIKSNI ySi NBOSydzSa LISNI affedis T2 NJ & K2 N

likely to be because limiting battery cycling to 1 battery cycle per day significantly reduces the

net revenues of 1 hour and 2 hour batteries, has a small effect on those of 4 hour batteries

(summer and autumn only) and no effect on 12 hourteags.

Itis clear that an owner of multiple sheduration batteries would make significantly higher

revenues by operating the batteries coincidentally than sequentially. This particularly applies

012K 2 dzNJ ol GGSNRASAZ 2F 6KAOKRYazBKYy#ZE &28J &G6RARSRR

of the case study periods.

49+t ARFOA2YY O2YLI NRAZ2Y H6AGK GNBI

4.9.1. Overview
As described earlien Chapter 32022 BM data list 23 battery units which participated in
wholesale trading during 2022. Of these, most commenced activity during 2022, and 21 had
activity during one or more of the case study periods, with more batteries becoming active

later in the yea.

Many of the batteries engaged in only lgpower trades(i.e. of power significantly lower than

their maximum FPN that yea@dnd some solely or predominantly in either imports or exports,
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during part or even all of their active periods, as illustraite@hapter 3Annex 4examples
including Roosecote, Port of Tyne, Kemsley and Pen y Cymoedd batteries. However, others
had distinct shorduration import and export activities, at least some of the time, which are

compared with battery simulations below.

Neither the maximum power, nor the duration, of any of the batteries is known for certain.
For maximum power, the larger value of the maximum import or export that occurred during
2022 is taken to represemax Regarding duration, many exhibit short duration peaks
consistent with a duration of around 2 hours, (or in some cases, kpoefer activities for a

few hours) and this is the battery simulation against which they are compared.

4.9.2. Timeseries plots
Several of the batteries engaged in imports and exports once or twice a day, some of which
were at or approaching full powéfor that battery$, some of which were of lower poweas
illustrated inChapter 3Annex 4 Some batteries engaged in trades on some days but not

others, while others on some days had numerous trades.

Some of the batteries had patterns of imports and exports which were reasonably close to the
battery model simulations, examples of which are showRigure39 (autumn, most days-2

cycleg day) andFigure40 (winter, most days tycld day). In both examples, both simulated

and selected real batteries engaged in nigiime imports and early evening exports every day,
and on some days, also an additional export in the morning, and an import in the middle of the
day. Other examples ashownin Chapter 4Annex 5 which shows a mixture of batteries with

similar and different patterns of activity.

In all cases, the real battery FPNs are scaled to their maximum FPN (the larger of max import

or max export) that occurred during 2022.

53 Full power for a BMU battery is taken here as the magnitude of the larger of its highest FPN import or
export during 2022. The interested reader is directed to the previous introduction of these data in
Section3.3.3
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16 October: Both batteries performeg 17-23 October: On most days, one or bo
the one cycle/ day (nighime import, batteries performed 2 cycles / day (with
late afternoon export) that is additional morning export and midday
simulated. import), as simulated.
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Figure39 Autumn case study, week 4. Comparison of (a) battery simulation, and (b) Cowley and Hawkers Hill
batteries FPNs (scaled to max outyytit)
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Figure40 Winter case study, week 4. Comparison of (a) battery simulation, and (b) Pillswood 1 battery FPNs (scaled
to max output)

54 Battery simulations are in European time (CET / CEST) as the timezone of the price data, 1 hour ahead
of UK clock time. Thus, the time 00:00 for the battery is the same as 23:00 for the actual batteries.
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4.9.3. Activity by Settlement Perioda few individuals
Aggregate activity of the batteries, displayed by Settlement Period, was prepared, showing
similar plots to those in Sectioh7.3, with two examples below shown Figure41and Figure

42, below.

For some of the batteries, the pattern of battery activity by SP for a case study season is similar

to that in the battery simulations.
For the real batteries, for both import and export, for es@hdaycase study season:

GO0 QG 6 Wit £ DOl Q 60D FEsE
[ 6@ "0 & Q) ¢ i Mo 1 b GYD (4.50)
Davonl Ad A oQanddmch A@ w0 Qown Kindk ¢ (4.51)
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(4.53)
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In Figured41 and Figure4?2, the battery activity have been smoothed from Ratur to 1-hour

resolution, for better comparison with the simulation, which is hasolir timesteps.

Similar charts for other gridonnectedBMUbatteries aredisplayed imMAnnexes to Chapter 4

Annexe6.

These charts show clear pattern of nighhe imports and late afternoon / early evenings
exports on most days, in all seasons. The summer and autumn examples show additional

morning export and midday imports on most days

¢KS GAYSa 2F RIFe& G 6KAOK (GKS&aS ol GGSNRASAQ AYLXE
per day of such energy flows, were broadly in agreement thighenergy flowssimulatedfor 2

hour batteries.
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Figure41 Summer: aggregate imports and exports by(@PPen y Cymoedd battery-{iour resolution), andb) 2-
hour battery simulation (highest revenue scenario) as showkignre30
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Figure42 Winter: aggregate imports and exports by &) Pillswood 1 battery ¢hour resoluton, as shown above
in Figure40), and 2hour battery simulation (highest revenue scena@s)shown irFigure30

The main difference between the real batteries and the simulations is the volumggoégate
import and exporover the 35 days is much lowerompared to thesimulated values Many
real batteries had days or weeks of low activity, or were active at lower than full power, for
much or all the time(This observation of BMU batteries is illustrated in Hadtery timeseries
charts, displayed in thprevious chapterChapter 3Annex 4Reasons could include
engagement in other activitiesr differencesin business modelor technical or financial

constraints which may include degradation avoidance. The rangectities seen and
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options forBMU batteries in 2022 was introducéu Sectiorn3.3.3and discussed briefly in
/ K LJG &hElusiof), BectiorB.7.)

4.9.4. Activity over time of day, batteries
An analysis of plots, as above, of all batteries was made, comparing the main import and

export actions, and the time of day they normally occurred at.

Some batteries were initially eliminated from this analysis, for reasons of a large imbalance
between volume of import and export FPNs, and others because of having BM trades
comparable or exceeding the FPN volumes, as tabulatédle23 with further detailsin

Annexes to Chapter Annex 7.

Table23 Number of GB batteries active during 2022 case study seasons

Case study| Number of | Number of batteries eliminated | Number of batteries
season batteries from further study: retained for further
with some FPNs (MWh) of imports and study
activity exports differed by over a factor,
of 5

Summer 14 9 5

Autumn 13 4 9

Winter 21 4 17

There are some differences between simulations and real batteries, principally in winter, with
over half of the real batteries engaging in daytime import, which were simulated to occur only
occasionally, in addition to the evening export and night timeanp A minority of real

batteries also engaged in imports or exports at other times, in all seasons, which are simulated

to rarely occur.

Nevertheless, there is good enough agreement between enough features to have confidence
that this simulation is a reasonable expression of activity that a battery could realistically

engage in.

148



Table24 shows that there is generally good agreement between the broad diurnal patterns of

battery activity in real batteries, and in the simulations.

There are some differences between simulations and real batteries, principally in winter, with
over half of the real batteries engaging in daytime import, which were simulated to occur only
occasionally, in addition to the evening export and night timedmp A minority of real

batteries also engaged in imports or exports at other times, in all seasons, which are simulated

to rarely occur.

Nevertheless, there is good enough agreement between enough features to have confidence
that this simulation is a reasonable expression of activity that a battery could realistically

engage in.
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Table24 Comparison of simulations with real battery behaviour: activity by SP

Diurnal Simulations Numbers and percentages of real batteries
activity whose actions agreed with the simulated
features feature (or absence of feature)

Time of day | Summer | Autumn | Winter | Summer Autumn Winter
Total no. Total no. batts 4 Total no. batts
batts =5 9 =17
No. | % No. % No. | %

Night-time Strong Strong Strong | 5/5 | 100% | 9/9 100% | 17 100%

import peak peak peak

Morning time | Strong Strong Slight | 5/5 | 100% | 9/9 100% | 15 88%

export peak peak peak

Daytime Strong Strong Min- 5/5 | 100% | 7/9 7% 4 24%

import peak peak imal

activity

Late Strong Strong Strong | 5/ 5 | 100% | 9/9 100% | 17 100%

afternoon/ peak peak peak

early evening

export

Other import | Very Very Very 4/5 | 80% | 8/9 89% 14 | 82%

little little little

Other export | Very Very Very 3/5 | 60% | 6/9 67% 13 76%

little little little
4.10. Discussion

4.10.1.The model, its limitations, and possible improvements

There are numerous different approaches to modelling the behaviour of a battery, as
described in SectioAd.2. The use of an ageibsed formulation has facilitated the running of
multiple scenarios, from which a small selection has been chosen to illustrate examples of
choices a rational battery agent might make. As this study concerns wholesale trades only,
which occur over a matter of hours and days, the simplifications of the peawergy model

are much less critical than for studies of battery actions over much faster timescales, such as

provision of a fast frequency response service, or a combinatioradés and faster services.

There are limitations of this model. A major one is that it runs with fixed battery parameters
for a whole simulation. In the winter case study especially, there were several distinct and
different patterns of wholesale price, during which different kamit trading parameters

(visibility window, trading strategy) may have yielded better net revenues. Functionality to
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change battery parameters during a run would be a useful improvement to add to the model,

if work was to be continued.

(0p))
QX

I aS02yR fAYAGLFIEGA2Y Ada GKIFIGO GKS olFGGSNRB GNIR
prices over the next few hours, or whatever length of visibility window is used. In particular,
GAOGK aK2NI QOAaA0AfAGE GAYRBHEZHE LINEAOSatSIElFaSOE)
concerning imports during the night, during which prices tend to be low for about 6 hours.

Thus, a shorturation battery may import early in the night, and be unable to take advantage

of later, slightly better prices. HKweever, high price events tend to be of short duration, often

around two hours, in the late afternoon or early evening, during which immediatg@dulier

SELRNI g2dzZ R y2NXIFfte 68 Y2ad FAYIYyOAlLftt&d NBgI |
is the onewith aggregate best net revenues, and may be-sptimal for either or both of

imports or exports. Introduction of different trading parameters governing purchases and

sales of electricity might slightly improve cashflows.

¢KS GNIRAY3I &a0GNYGS3aAASas SylrofAyd AyaldNHzOlGAzya
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find a combination of trading strategy and visibility window thasIbetween those

investigated here. For thel@our duration batteries, the small difference in accrued cashflow
0SG6SSy aS@OSNIt 2F (GKS o0SUGGSNI aO0SyII NA2a adza3sSal
g2dzf R 0SS fAGGE S RATTS N ghiseniThefait k&t thérgsBtanti OF a KT £ 2 ¢
Saild &ésbhbinp&pétite for tradings2 Y S 2 T -NIKYS3 ¢y AgRé.Ndt § ST A S a
Godzaeés y2NJ aolt Al FT2NJ 6Sad LINIsthgy,a ¥RIREBNY 8 S& & NI (
as described in Sectioh4.3 £ 42 3IABSa O2y FARSYOS GKFG Fy &a2Li]
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strategy, instucting buying and selling at prices <=40% and >= 60% of the market price gap,

respectively. For such longer duration batteries (or other storage assets), further work could
Ay@SaidAdarasS 2GKSNJ GNFRAYy3 adNX G6SIASAEGBAGK 0 dzé )
A0NY GS38E0 YR pmr: oy2i Ay@SaidraalraSRoOzE G2 &asSsS|
A key limitation of this work is that little is done to include the effectamy ongoing

degradation, or battery actions to avoid it. With batteries having an expected lifetime of

several years, little degradation is expected to occur within the space afeek case study

investigated here, so the above results are considered valid. Howevenger term study,
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over a year or more, ought to factor in likely reduction in function. Regarding possible
operational choices seeking to reduce degradation, this work has included the sensitivity of a
af Saa O2O0tAy3é ailNI (S3e s cyslépdr Gefy orkabesagel Edid® | OK A y 3

work investigating other approaches to degradation avoidance would be useful.

Nevertheless, despite all limitations, the reasonably good agreement between the simulations
and some of the real batteries in Sectidr® gives further confidence that this model is
adequate to give a network or system operator an indication of the kinds of actions it could

expect from batteries.

A further point to note is that this work is all done on hourly resolution day ahead price data.
Real batteries can choose which platforms to trade in, includinghwalfly duration inday
markets. A brief study of sections of the winter case periodinduwhich limited data from in
day platforms were also available, suggested that slightly higher revenues could be made on
in-day, as opposed to deghead markets, but there was a riglsuch as one occasion when a
major price spike was absent from onetoé in-day platforms®. So in short, these resultsay
slightlyunder-estimate potential battery cash flows, for batteries able and choosing to use

other platforms.

4.10.2.Behaviour of a rational battery, engaged in wholesale trades

In all cases, the trading strategy was identified which resulted in the highest overall net
revenue, for the battery of given parameters, for a single season. This would appear to be the
activity a rational battery would undertake, if engaging in wholegeddes. In several cases,
however, simulations for a particular battery and season using several different trading
strategies yielded similar financial results, but with some differences in battery actions. A
rational battery could opt for any of thes potentially a slight reduction in cycling behaviour,

or perhaps uncertainties in prices, may make slightly lower cashflow scenarios of greater

overall benefit. Thus, there is not always a single answer for expected battery behaviour. The

55 There was a major price spike around 5pm (UK time) on 28 and 29 Nov 2022: present on Nordpool
FYR 9t 9-KB3F RRH&zZOGA2Y > YR 9t9-Qa AYGNI RIFe | dzOGAz2y LIX
intraday trading platform.
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availability of multiple trading platforms with slight price differences introduces further scope

for differences in battery activity.

| 26 SOSNE 020K aAvYdzZ I SR FyYyR NBFf oFGGSNASAQ | Of
night-time imports and early evening exports of energy most days. During the summer and

autumn case studies, an additional morning export and midday / early afterimport of

energy occurred on many days. This pattern was robust in battery simulations across all

battery durations, roundrip efficiencies, and scenarios of limited battery cycling investigated,

though batteries with greater losses, or limitations oycling frequency, did not trade every

day. Similar patterns were observed for many of the realgoichected batteries, though

with examples of real batteries performing bothkcyclea-day and 2cyclesa-day at all

seasons.

If seeking to restrict battery cycling rates to protect battery ldagm health, or to comply

with warranty conditions, activity with less frequent cycling may be desirable, even when it

would accrue lower overall net revenue. For the summer and autuese study seasons,

GAGK | K2t S&lFfS LINAOS LI GGSNYy 2F au LISF{1a LISN
of the batteries to around 1 cycle per day on average would reduce cashflows compared to the
GoSaid OFakKTt2e¢ aoOSy Inikdaslygdiffershfpatiéra aizbaReryNBS & dzf G Ay |
behaviour. This was much less the case during the winter case study, when the wholesale

LINA OS LI GGSNY ¢6Fa auw LISF1a | RIFeé¢ 2y a2YS Rl @a
cycling is to be limited, incomes ghit be maximised by allowing high cycling rates at times of

high price volatility, for example early in the autumn case study period, and to restrict or

abstain from trading at other times, for example during the summer case study period, when

in-day pricevariations were much smaller, and much smaller overall revenues could be

accrued. Depending on the battery business model and requirements for a steadflaash

even differences in battery behaviour from year to year could be advantageous, such as

allowing greater activity during a year with more volatile prices (such as 2022) and restricting

activity during years of relatively calm prices (for example, 2020). Such a strategy inevitably

would entail risk of inaccurate forecasts of future wholesalegsic

Actions of batteriesof-h K2 dz2NBQ RdzNJ A2y X 6SNB ONRIF Rf& &aAYACf
OPASBAYT G684l OF & KTt 2héuéduratiorbhgitteried (hidndlad too dzi (K2 & &

represent a flow battery) had significantly different patterns of aws.
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Simulated financial returns from a battery engaged in wholesale trades are greatest, per MWh
of battery energy capacity, for batteries of the shortest duration (1 hour), as shown in Section
4.8.3 Thus an owner of multipleHour or 2hour batteries would gain greater returns by
operating them coincidentally rather than sequentially. If it is a system need to have storage
assets of 4, 12 hour duration, this investigation suggests that wholegeades alone may not

be lucrative, unless their O&M and financing cost per MW is within 1:5200% that of zhour

batteries (as shown iRigure38and
Table220 ¥ | aaddzyAy 3 oF GGSNASa OFy 0OeotsS GsA0OS | RI &
The financiahdvantageof using thouror 2-hour batteries, rather tharof longer duratiof®, is

less pronounced in scenariaghere cycling is restricteés shownn Chapter 4Annex 4 Figure

144andFigureld5, which display battery revenues vs battery duration.

Assuming the roundrip efficiency parameters for solid (representing lithium ion or similar)

and flow batteries to be as modelled (85% and 70% respectively, including ancillary

equipment) a 1zhour flow battery would make little more net revenue than dig@-hour

OFGUSNBT | Ft2g ol GGSNEQA TFAYLFYOALT GAFOAfAGE ¢
repayment) to be comparable with those of theh®ur solid battery. Thus, if storage assets

operating over 412 hours are deemed a system need, the abamalysis suggests that current

wholesale price patterns do not give strong incentives for privately owned batteries to provide

it, unless their costs per MW are comparable with those of shorter duration batteries. Some

kind of local or national flexibiltproduct or ancillary service may be needed to incentivise

their deployment.

4.10.3.Comparison of wholesale trades with other activities

Wholesale trades are one out of several different reveaening activities batteries could

engage in, as described in Chapter 3.

The durations of the real grid connected batteries are not known, but their activity profiles
suggest they were all short duration, aroune hours. During the summer case study period,

very high revenues were available from provision of frequency mespagervices, far

56 Limiting battery cycling to 1 cycle per day had no effect at all on 12 hour batt€aéte22 shows
GKSANI 60Sai Ol ak¥t2¢6é aOSyFrNA2a KIFa 2y | gSNIF IS fSaa
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exceeding those from wholesale trades. Itis a little surprising that there was any indication of
batteries engaging in wholesale trades during that period at all, potentially indicating a barrier
or delay to some batteries fulfilling the registration pess with the ESO, a necessary
prerequisite to response service provision. In contrast to the summer case study period, net
revenues from wholesale trades for éhdur battery in autumn and winter compare

favourably with those from frequency response seeg, as shown ifable25.

Table25 Comparison of overall net revenues from wholesale trades and frequency response services

Wholesale trades, overall net revenu( Highest revenue frequency response
0a0Sai OF aKTf 2 provision(Table8, Chapter 3)
£/day.MW (Table21and
Table22)

1-hour 2 hour 4-hour Most lucrative Revenue,
battery battery battery response service | £/day.MW

Summer £91 £157 £237 DCL £848
Autumn £175 £300 £428 DCL £280
Winter £209 £354 £541 DRL £272

The revenues from frequency response servic€ahle25are correct for the besperforming

single frequency response service, but during the autumn and especially the winter case study
period, underestimate possible earnings an astute provider could make, by offering different
response services at differetimes of day, and on different days, discussed in Chapter 3

Thus, during the autumn, the owner of éh®dur battery may make similar overall revenues

from frequency response provision and wholesale trades. In winter, the larger gap between
overall cashflows from frequency response (single service) and wholesdés suggests that
wholesale trades are probably a little more lucrative. So battery trades would be fairly likely to
occur during autumn and winter case studies, though batteries may bectegbéo jump

between provision of different activities e.g. frequency response, on different days, and even

in-day.

For any batteries of 1 hour duration, wholesale trades appear unattractive in all seasons,
compared to frequency response, though by a smaller margin in winter. For any 4 hour
batteries, however, wholesale trades would appear a significantly better ofrtiautumn and

winter than frequency response services.

57 This is the highest revenue from offering a single service, e.g. DCL, for every EFA block and on every
day. Higher earnings may be accrued if it is possible to switch between services.
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Capacity Market is a useful additional revenue stream for batteries successful at CM auction.

This revenue stream requires little difference in battery activity; batteries so engaged would be

able to engage in wholesale trades, except during the rareroecaoe of the issue of a

Capacity Market Notice.

5! 2{ ONBRAGA T2NJ SELERNI& G aNBR oFyRé GAYSas 7
exceptional cases at EHV level, would also combine very well with wholesale trades, because

the times of day requiring battery exports for DU0S credits tend to héyte Wwholesale prices

at the same times, also encouraging exports. For batteries located in southern England or

South Wales, TNUoS (Embedded Export) credits, for exports during winter afternoons / early

evenings, activity that wholesale price patterns wbalso encourage, could be a useful

additional revenue stream. Similar benefits, for avoidance of TNUoS and DUoS demand

charges, could be gained for suitaily2 O G SR ol G GSNASa O2yySOGSR aoSH

large demand site, as described in Chapter 3.

DSO flexibility services may have been an option in some localities, though current prices

suggest that incomes would have been modest.

Thus, batteries would have been likely to engage in wholesale trades, especially later in the
year, both as a sole activity and also in in combination with other activities. Frequency
response services were a more lucrative alternative during the sumaser study, and
remained an alternative option later in the year, with returns varying between days and at

times of day.

Thus, it is not surprising that many of the real GB batteries showed similar behaviour to the

simulations at some times, while at other times displayed different behaviours.

4.11. Conclusions

A rational battery could well be expected to engage in wholesale trading activity, either as its
sole activity, or in combination with other activities, especially during the autumn and winter
case study seasons, when financial returns from trades are acabpe with or exceed

alternatives.
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Despite limitations of the model discussed above, and potential improvements which would
benefit it, this battery model is adequate for its intended purpose: to inform network owners,

planners, and system operator about potential likely actions of batserie

While there is no single answer as to what a rational battery would do, even one engaged in
gK2tSalrtfS (NXrRSaxz 020K aAvydzZ FdSR FyR NBFf ol (i

with one or two imports and exports most days, at consistent timessayf

The results show marked differences in cashflows and battery behaviours between case study
seasons. Depending on business model, it may be advantageous to use a battery more actively
at times of volatile wholesale prices, when high net revenues from sade possible, and less

actively, or for other activities, at times of low variations in wholesale prices.

Simulated financial returns from a battery engaged in wholesale trades are greatest, per MWh
of battery energy capacity, for batteries of the shortest duratior2 hours, which would
incentivise an owner of multiple-bour or 2hour batteries to operatéghem coincidentally

rather than sequentially. If itis a system need to have storage assets D2 fiour duration,

this investigation suggests that wholesale trades alone may not be lucrative, and additional

financial support may be needed.

This work paves the way for investigation into the effect a rational battery, engaged in

wholesale trades, would have on electricity network congestion.

Chapter 5 investigates potential effects of battery activity on network congestion at
Transmission level, using Scotland as a case study. This chapter investigates how simulated
battery activity coincided with differing levels of wind generation avaitgtaind wind

generation curtailment in Scotland, during the case study periods described above.

Chapter 6 investigates potential effects of battery activity on congestion at Distribution level,
using six case study locations in southern Scotland. The effect of simulated battery activity on
demanddriven import flows, and on wind generatairiven exprt flows, is examined, during

the same case study periods.
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5. Chapter 5 Batteries, wind and transmission networkviter a

Scottsh casestudy.

Chapter summary
This work investigatethe likelyimpact ofbattery activity on transmission congestion,
using Scotland as a case stubigre, transmissiometwork constraints at times of high
windoutpdzii | N 02YY2y ® ¢ KA& ¢ 2adhtionalyaftdya G A 31 G Sa (K
engaged in wholesale trades, will not export at times of high wind energy availability in

Scotland, nor will it add to network congestio®

Using the battery model, the three 2022 case study seasons and real price data described
in the previous chapter, simulated battery activity timeseries are compared to wind
availability timeseries of Scottish wind generators which participate in the Bakgnc
Mechanism. Aggregate durations of battery imports and exports, at different conditions of
wind, are enumerated. This work found against the hypothesis: battery imports and also
exports would be expected at all conditions of wind, including high windlitions during
which curtailment of wind generators is common or continuous. This result holds for all
case study seasons, for batteries of duration between 1 and 12 hours, operating under a
doSaid OF aK¥f 20¢ &HhdubdidatdbatEres-oyerating dndeftwof 2 NJ H
Gf 26SN) OeOft Ay3de A0SYlI NR2a&OD

Under all conditions of wind, diurnal variations in price occurred most days, providing
opportunities for a storage asset to trade and accrue revenue. Battery exports at times of
high wind will add to network congestion. Network planners and the ESOatiost for

the possibility that batteries or other storage asseisd indeed other generatord,

located in Scotland and engaged in wholesale trades, may add to network congestion.

This work highlights the importance of suitable price signals if storage and other network

users are to aid rather than hinder network operation.
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5.1.Introduction

The context for this work is in Scotland, the northernmost home nation of the island of Great
Britain, and whose electricity system forms the northern part of thewi®: synchronous

electrical power system and single electricity trading area.

{020t yYRQA | 0 dzy/ R lityaleasbdiisgakke pojiuat@rgaNgstBer with’ BK and
{O02G0GA&aK D2@SNYyYSyiaQ LRftAOe YSIadNBa SyO2dzNt 37
of wind deploymentTable26[214]¢[216]. Scotland is home to 8.3&6 the population of

GreatBritain[217], with current peak gross electricdémand of 4 G\Wexpected to rise to 6

GW by 208[218]. Thus at times of high wind, wind generation, together with other inflexible

generation (from a nuclear power station and various other distributtonnected

generators) significantly exceeds electricity consumption in Scotland.

Table26 Wind generation capacity, MAScotland May 2023214]¢[216], [219] and GBend2022[220]

Distribution-connected| Transmissiorconnected| Total
Scotland onshorevind 3,855 5,522 9,377
Scotland offshorevind 50 1,583 1,633
Scotland totalwind 3,905 7,105 11,010
GB onshorevind 7,493 5,911 13,404
GB offshorevind 598 13,329 13,927
GB totalwind 8,091 19,240 27,331

While significant investmerglectricity networkshas been conducted alongside this growth in
new generation capacity, the rate of both Transmission and Distribution network capacity
growth has lagged significantly behind partdue to long design, planning and commissioning
timescales.At Transmission level, Scotland usually exports electricity to other parts of GB,

with maximum flows at times of high wind outp[#18], [221] Curtailment (i.e. the active
reduction in power output below unconstrained levels) of some Scottish windfarms is often
necessary, because of insufficient transmission capacity, or to enable other actions by National
Grid Electricity System Operator (N&B), and is discussed beloin. particular, theESO

R S T A B&SrRnsmiission boundary (which delimits the Scottish transmission zones from the
rest of the GB transmission network) is a significant bottleneck to the export of wind power to

larger areas oflemand further south.Chapter 5 Annextas maps showing this boundary.
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As discussed in Chapter ®ymge has the potential to alleviaetwork constraints and
ultimately reduce overall cost of running the electricity syst&®]. Furthermore, as
discussed previousiy Chapter 3there is currently much interest in deployment of gadale

batteries at both Distribution and Transmission sc§®ist|c[216], [222], [223]

It could reasonably be expected that at times of high output from renewable generators,
including wind generators, which have low or zero shart marginal cost, the wholesale price
will be lower than at times when system demand is met largely fromfivedl generators.

Thus, one could expect that at times of high wind, the battery will be incentivised to import
electricity, and conversely, at times of low wind, the battery would be incentivised to export.

In such a situation a battery or other storageuvice would naturally act to reduce both import
and export network flows, and so would relieve network congestidowever, the price of
electricity is affected by a number of factors, and the above assumption might not be the case,

as iselaborated laterin the Discussiorsection.

This workexamines the likely behaviour of a battery participating in wholesale market trading,

to investigae the hypothesis:

¢a rational battery, engaged in wholesale trades, will not export at times of high wind

energy availability in Scotland, nor will it add to network congestion

5.2. Method

5.2.1. Wind availability preparation of timeseries

Balancing Mechanism data were used to estimate overall wind energy availability.

Balancing Mechanism (BM) data list Final Physical Notifications (FPNs), Bid Accepted Volumes
(BAVs) and Offer Accepted Volumes (OAVs) for each Settlement Period (SP), for all participants
in the Balancing Mechanism, termed Balancing Mechanism Units (BWH) [148] These
datasets cover all transmissi@onnected generators, and some of the distributiconnected

generators.

These Wind FPNs were used as a metric of wiradlability, i.e. estimated output of wind

generators before any curtailment instructions.
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Wind availability timeseries during 2022 were prepared using the sum of FPNs, in MW, of all

onshore and offshore Scottish BMU windfarms.

To fit with outputs of battery model, which use hourlgsolution price data, as described in

Chapter4, the wind data were smoothed from haiburly to hourly resolution.

Wind capacity factor
The level of wind availability (total wind FPN) at any time t is desciib®WV and also bits
capacity factoy i.e. relative to the maximurwind availability This metric is necessary in later

calculations to categorise wind availability together with battery activity.

The metric of maximum wind availability used here is the sumoafcoincident maximum

availabiliiesof every Scottish BMU windfarmduring 2022
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Thus, timeseries of total Scottish wind availablity (FPN) in MW and also as a capacity factor

were obtained for the whole of 2022, and for each case study season.

The approach is summarisedrigure43.
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Figure43 Schematic of approach to obtain timeseries wind availability timeseries in MW and as a capacity factor

For ease of description, the wind availability values were split into quintiles, as described in
Table27.

Table27 Definition of wind availability quintiles

Wind availability Quintile
capacity factor

0-<20% Quintile 1 (Q1)
20%- < 40% Quintile 2 (Q2)
40%- < 60% Quintile 3 (Q3)
60%- < 80% Quintile 4 (Q4)
80%- 100% Quintile 5 (Q5)

5.2.2. Wind availability anavindfarm curtailmentduring each

case study season, and all of 2022.
This subsection views the total durations of betind availabilitiesandwindfarm curtailments
which occurred during each quintile of wind availability. This was performed for the whole of

2022, and for each case study season.
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5.2.2.1.  Wind availabilitydurations
The number of hours during the year during which Scottish wind energy availability (total
hourly FPNSs) fell within each wind availability quintile was enumerated. The procedure was

repeated for each case study season.

5.2.2.2. Windfarm curtailment durations
Totalcurtailment of Scottish windfarms was enumerated usBig dataset8BAV<s; for
generators required to reduce output (or demand users to increase consumption), and@fQAV's
for generators instructed to increase output (or demand users to reduce consumpésn)

mentioned in Sectio®.2.1

As with the FPN datasethie BAV and OAV timeserjaownloaded as haliourly resolution,

were smoothed to hourly timeseries datasétsfore any further calculations

At any timestep t, the overall volume of wind energy curtailed in Scotland is described by the

GbSdG .1 +é3 a4 IAGSY 068 (GKS F2tt2¢Ay3d Sldd GAzyyY
U QO aw R R (5.3)
6 aw i i
0 @ i i

(The BAV and OAV values are summed, not subtracted, because BAV values are negative, and

OAV values are positivas are FPN values for all units providing net genergtion

The timeseries of Né@BAVsawvasviewed alongside the timeseries of wind availability and wind
capacity factor, as described in the subsection above, for the whole of 2022, and for each case

study season.

Thetotal number of hours during which one or more windfarm in Scotland received an
instruction to reduce output (i.e. NetBA¥ 0), was enumerated for each wind availability

quintile, during 2022.

The procedure was repeated for each case study season.
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5.2.3. Battery activity
52.3.1. Basecasebattely ao0Said OFakKF¥tz2g¢e aoOSyl
Ford OK OFI &S aiddzRé LISNA2RX o6FGGSNER aAYdz | GA2y & 6
parameters: 2 hour duration, 85% routidp efficeincy, using the trading parameters of the
GoSaid OrakKFtzgée aOSYylINR2a RSAONAROSR Ay [/ KF LJG SNJ
The timeseries of battery actions was obtained for each case study period.

These timeseries were viewed together with the timeseries of wind FPNs. The battery import
and export actions were categorised according to the wind energy quintile during which they
happened. The total number of hours of battery imports and exports veeuamerated for

each wind energy quintile, for each case study season.

As the durations of the quintiles themselves varied between quintiles, and between seasons,
the proportioral durationof battery activity, as a percentage of the number of hours of the

respective wind availability conditions, was also enumerated.
Nl €Rél QAd @I KIO @O "Qf

QGO 0D a0 60 OME ¢ (5.4)
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For example, in the winter case study season:

No. of hours of wind quintile 5 conditions = 25 hours
No. of hours of battery imports during wind quintile £ = 4.7 hours
No. of hours of battery exports during wind quintile £ = 2.0 hours
Thus,
< & Qi
Ni €Néi QO eoadeE@Eo 0@ rpd 170 céjt(iﬁi pwhk
¢ Qi
Ni €Néi QO eoa@dEEO OWXD MLE 170 CUQ | =
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5.2.3.2. Base case battery, loweycling scenarios

Theprocedure described above was repeated for thierdattery, but with different trading

scenarios which involved lower battery cycling, as identifie@hapter 4, Sectiod.7.4, and

stated inTable21.

5.2.3.3. Other batteries

The procedure described above was repeated for batteries of different duration, in each case,
aSt SOGAYy3 GKS &Aay 3tdsthedbattBriitipe &htl se&sdnt a@ préviousiP S y | NA 2
identified in Chapter 4in Section4.8.3 The battery parameters selected gneeviously shown

in Table22, in Chapter 4.

5.2.4. Potential orrelationsof wholesale price with wind and

other factors

It was desiredo understandthe potential influence of Scottish wind and other factors on

wholesale electricity prices, the latter driving battery trading activity.

Timeseries plots of Scottish & GB wind availability (FPNs) vs wholesale price have been

prepared Figured4, and Chapter 5 Annex @nnex 2.1, 2.2. & 2.3).

Later in ths chapter,scatterplots were prepared to examine any possidiation between

wholesale pricewind and some other factorsTable28 summarises the metrics considered

Table28 Metrics against which wholesale price data was examined

Variable Metric used Type of plot
Wind availability (Scottish and GB) | FPNs Timeseries & scatterplots
Estimated wind output (Scottish & Gl FPNs + BAVs + OA\ scatterplots
Wind curtailment (Scottish & GB) BAVs + OAVs Scatterplots
Time of day SP no. Scatterplots

Electricity demand

Total transmission
demand (TSD)

Scatterplots

Scottish and GB wind metrics were all sourced from Elexon as described above. Transmission

system demand data were sourced from NESH). All metrics were convereted from half

hourly to hourly resolution data to fit with the hourly resolution pricing data.
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5.3. Results
5.3.1. Wind availablility

The noncoincident maximum wind availability (FPN) from all Scottish winaaduring 2022
was found to be 865 MW, using FPXalues which had been smoothed to hourly resolution
This value is used as thertbminator for callcation of wind availablity capacity famt(CF)

and for enumeration of wind availablity quirgd, which are displayeth Table29.

The highest hourlgoincidentoverall wind availability (not used in calculations) we&7@ MW.

Table29 Range of total Scottish wind FPNs in each wind energy availability quintile

Wind availability Quintile Total wind availablity
capacity factor (CF) (total hourly FPNs), MW

Min value Max value

0-<20% Quintile 1 (Q1) 0 <1,573

20%- < 40% Quintile 2 (Q2) 1,573 < 3,146

40%- < 60% Quintile 3 (Q3) 3,146 <4,720

60%- < 80% Quintile 4 (Q4) 4,720 < 6,293
80%- 100% Quintile 5 (Q5) 6,293 <=17,865

Figure44 shows the timeseries for Scottish hourly wind availablity (total FIPNgWW and as
capacity factoras theblack dashed lindor the three case study periods. The wholeasale
price data timeseries aralsodisplayed(blue line) because these drive thettery trading
behaviour, which is shown late(This chart restricts the maximum price axis to £700 / MWh
for better viewing of the patterns of price; in the winter case study, the electricity price
exceeded value on four occasions. Plots showingstalle price axis are shown@napter 5
Annex 2 For referenceChapter 5 Annex also shows timeseries plots of Scottish and GB

wind availability for the three case study periods, together with price data.)
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Figure44 Scottish wind availability ahcapacity factor (hourly) andhwlesale trading price, 2022, Summer, Autumn

and Winter case study periods (restricted scale price axis)
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5.3.2. Wind energy availability and wind curtailment

5.3.2.1. Wind energy availability , all 2022
As described in subsectiors?2.2.], the number of hours during which the wind availability fell
into each wind availability quintile during 2022 was enumerated. THesationsare shown
by the solid black bars iRigure45, and also in tabular form i@hapter 5Annex 3Table93.
The wind energy quintiles, which form theaxis inFigure45, are the same values #sse
shown on the lefthand yaxes in the charts dfigure44above the corresponding values of

wind availability in MW are tabulated aboveTiable29.

These black barsf Figure45 show that Scotland has significant wind resource: there are

significant durations at which all levels of wind availability ocothrer than the windiest

quintile Q5) Thoughd |j dzZA Yy G At S Mé T (i KoScurs fér en&ré hiburgdttiary @Ry |j dzA y G A £ S
other single quintileQ1only accounts for about one third of the yeaFhe aggregate number

of hours of wind quintiles 2 to 4 collectively account for approaching 2/3 of the year.

It is not surprising that the number of hours of witalels inquintile 5is relatively small
because the highescottishcoincidentwind availabilitywas just under 7,000 MW,

corresponding to a capacity factor of 90.2%.

Scottish wind availability & curtailment All year 2022,
by wind capacity factor (CF) guintile
Scottish wind availability, MW
0 L1000 2,000 3,000 4,000 5000 6000 7,000

~ 3,000 1

o B wind availability | 55
’;‘n I . =3 wind curtailments
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Figure45 Durations of Scottish hourly wind energy availability (total hourly FPNs), and Scottish hourly wind
generation curtailment (total hourly net BAVs) vs wind energy availaGiiyacity Factor (C&lintile. All 2022.
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5.3.2.2.  Wind energy curtailment, all 2022
The number of hours during which wind energy curtailment, of one or more Scottish
windfarms occurred, and the number of these hours which fell within each wind availability
quintile, was enumerated as described in Sectoa2.2 These hours of curtailment are
shown in the yellow hatched bars Higure45, and also in tabular forrim Table94 in Chapter 5

Annex 3

These bars show that wind energy curtailment occurred at all quintiles of wind energy
availability, but correlates very strongly with wind energy availability. The number of hours of
curtailment during wind energy quintile 1, corresponding to low windswmall. From wind
energy quintile 1 to 4, the number of hours of wind curtailment increased substantially with
each wind quintile. Curtailment occurs for the majorityttoé duration of wind quintile 3
conditions for all but a few hours ofvind quintie 4 conditions,andfor all hours ofwind

quintile 5 conditions.

5.3.2.3. Wind energy and wind energy curtailment, case study
seasons

Figured46is a similar chart té-igure45, but for the three case study seasons.

summer Autumn Winter
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Wind availability, by CF quintile
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Figure46 Durations of Scottish hourly wind energy availability (total hourly FPNs), and Scottish hourly wind
generation curtailment (total hourly net BAVS) vs wind energy availability quintile. Summer, autumn and winter
case study seasons.
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Looking at the black bars &fgure46, showing durations of wind energy availability vs wind
energy availability quintile, it is clear that there wesignificantdifferences inthe patterns of
wind energyavailabilityfrom the Scottish windfarm fleet between the three seaspns
presumably because of weather differences. The summer case stadprhas the longest
aggregate durationof lows A Y R O2yRAGAZ2Ya FlLiffAy3d gAGKAY
Figured4 (a) andTable93in Chapter 5Annex 3 In contrast, the autumn case studgason

has the longest durations at higher wind energy availability quinti#s&ss is also evident in
Figured4 (b), andin Table93in Chapter SAnnex 3

Regarding wind curtailment, the yellow hatched bar&igure46 showan effect of wind

quintile, and also an effect of season.

Regarding effect of wind quintile, thesharts showthat aggregate durations of curtailment

rise with wind energy quintilaumberover quintilesl-4 during each case study seaqdata

are tabulaed inTable94in Chapter SAnnex 3. The summer and autumn charts in this figure
show the same number of hours of wind availability, @agbof wind curtailment, for Q4 and
Q5. Thishows thatthe ESO instructed one or more windfarms to curtail, on every hour of
wind FPNs at these high levels. However, at lower levels of wind in Q2 and Q3, the ESO
instructed one or more windfarms to curtaih some but not all occasionsence the yellow

bar (no. of hours of curtailment) is much lower than the black bar (no of hours of wind at this

level). At low wind conditions Q1,azasions of curtailment at low wind Q1 are infrequent.

These charts also show a seasonal effect on wind curtailmbnsummer, there are

significant durations of curtailment at lower wind energy quintiles, with almost all (91%) hours

of wind energy quintile 3 having curtailment. In contrast, in winter, there is proportionately
less curtailment at every wind energy quiatl-4, with only just over half of the hours of wind
quintile 3 having curtailmentPresumably higher demands in winter reduce generationen
network congestion; whereas during timeslofver demands in summer, ESO actdm

manage the congestion are needed more often.

These data describe the background conditions in which battery activity is investigated.
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5.3.3. Battery activity

5.3.3.1. Base case bhattery (2hrs, 85% round trip efficiency),
GoSaitd OFrakKFitz2gé A0Syl NR2
The aggregate durations of battery imports and exports, during each quintile of wind energy
availability, areshown inFigure47, for each case study season. The numbers of hours are

tabulated inTable95in Chapter 5 Annex.4

In all three seasons, battery imports and exports occurred at all wind energy quintiles. The
durations of imports and exports varied significantly between quintiles and seasons, as did the

durations of conditions of the different wind quintiles, as showifrigure46.

Theproportionaldurations of battery imports and exports (percentage of the aggregate
duration of conditions of the respective wind quintile and cases study season, during which
battery import or export occurred, as defined in Sectm@.3.]) for the three case study

seasons are displayed kigure48.

In contrast to the absolute aggregate duration of battery imports and exports, which varied
considerably between seasons and wind energy quintilesptbportionaldurations of battery
imports and exports, in many cases, were similar, between wind quintiles and also between
seasons. For wind energy quintiles 1 to 4, all proportional imports and exports were between
12% and 24% of the duration of the respective winuintile condition, during the summer and
autumn. During the winter season, when the bajtevas less active, proportional imports and
export durations during wind quintiles-4 were between 8% and 14%. Across the three
seasons, the very windiest quintile 5 had very short durations: the proportional durations of
battery imports were longer thaduring the other quintiles, ranging from 19% to 43% of this
respective quintile duration; battery export proportional durations ranged from 8% to 10% of

the respective quintile duration.

Import durations were a little longer than export durations, becausejexcribed in Chapter
4, Sectiod. 420 KS Y2RStf RSTAySa ol GGSNEQa AYLERNI |yR

so additional import time is needed to cover the routrgh losses.
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Figure47 Aggregate durationsf battery imports and exports during each wind enegygilabilityquintile. Summer, Autumn and Winter case studies. Base case battery (2 hrs, 85%
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5.3.3.2. Base case bhattery, lower cycling scenarios
Battery activity vs wind energy quintile is tabulated and displayed graphicallgapter 5
Annex 4 Annex4.2, for two alternative lower cycling scenariost { SO2 Yy How& K2 A OS
OOt AyIddHRYMI yWSHE ch @ e SRR OR DUAF Thall casgs, theyey S E

was battery activity, both imports and exports, at all wind energy quintiles.

5.3.3.3.  Other batteries: dhour, 4hour, 12hour and 12hour
70% round trip efficiency
For the batteries of shorter and longer durations, battery activity vs wind energy quintile is
tabulated and displayed graphically@hapter 5 Annex:4Annex4.3. Again, in all cases, there

was battery activity, both imports and exports, at all wind energy quintiles.

5.3.3.4.  Overall patterns
Chapter 5 Annex 8hows theproportionalbattery activity duration for each wind energy

quintile, grouped by case study season. A few examples are shown below:

Proportional duration of import increases with wind energy quintile, and proportional duration
of export decreases.
This result could feasibly be expected, given that wholesale price would be expected to

correlate inversely with the amount of loghortrun marginal price generation.

The bar charts dFigure49below display battery activity duration in each wind energy
quintile, as a proportion of the aggregate duration of wind conditions of that quintile. The
blue bars show the proportional duration of aggregate battenports, and the light green

bars the proportional durations of aggregag&ports

These charts show that battery importdlue bars- are generally higher at higher wind
quintiles than lower wind quintiles. The opposite is the case foptlegreen bars showing

battery exports.

The first chart, the 1:hour 70% efficiency, autumn, shows a clear and strong relation between
import and export duration with wind quintile. In the other two charts the aggregate import

duration is longer only at the windiest quintile, Q5, and the relatbetween aggregate export
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duration with wind quintile is less distinct than that of aggregate import duration with wind
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Figure49 Proportional duration of battery imports and exports. Examples where battery imports increase and

exports decrease with increasing wind.

Proportional duration of import increases with wind energy quintile, but there is no clear
pattern of proportional duration of export with wind energy quintile.

Several of the chartdisplayed this generic pattern, especially during the summer case.study
An increase in proportional duration of batteimportwas found with increasing wind quintile.
However, by inspectionthere appears to bdittle link between wind quintile and battery

exportbehaviour.
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Figure50 Proportional duration of battery imports and exports. Examples where battery imports increase with
increasing wind, but the correlation between wind and battery exports is unclear.
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No clear pattern with either battery imports or exports with wind energy quintile

Several of the scenarios, especially those for the winter case study season, had little overall

pattern between wind energy quintile and either battery imports or exports.
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Figure51 Proportional duration of battery imports and exports. Examples where the relation between wind and

battery activity, both imports and exports, is unclear.

5.3.4. Potential correlations of wind and other metrics with

wholesale electricity price

5.3.4.1.  Correlation of wholesale price and wind metrics

A negative correlation was observed between Scottish wind availability and wholesale price:

the highest prices occurred at times of low wind, and the lowest at high wind. However, the

relation was very weak, as is showrFagure52 for the summer and autumn case study

periods

Day ahead GB prices vs Scottish wind availability, Day ahead GB prices vs Scottish wind availability,
(total FPNs) 2022-05-26 to 2022-06-30 (total FPNs) 2022-09-25 to 2022-10-30
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Figure52 Scatterplot of wholesale electricity price vs Scottish wind availability, summer and autumn case studies

The winter case study period had three distinct regions in its timeseries price and wi

availability values, as describedFigure53.
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Figure53 Winter case study season. Delineation of the time period into 3 parts according to price and wind.

The scatterplot for winterfFigure54, distinguishes these three parts by colour. This plot shows

that during the winter case study period, extreméigh prices occurred on a few occasions:
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£40-£290 / MWh).

Very weakly negative correlations were also obsenmdinspectionfor wholesale price
against estimated Scottish wiralitput (i.e. FPNs net of balancing actions), as shown in
Chapter 5 Annex:@8\nnex6.2, and also for price against GB wind availability (Ari@x and
price against GB estimated wind output (Anrget).

Slightly stronger negative correlations were obsenviegl inspectionbetween price and
volume of Scottish wind curtailment, with the highest prices occurring when there was no or
little curtailment, as showiin Figure55, and Chapter 5 Annex:8\nnex6.5, though there is

considerable range of wholesale prices occurring at most levels of curtailment.

Day ahead GB prices vs Scottish wind Curtailment, Day ahead GB prices vs Scottish wind Curtailment,
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Figure55 Scatterplot of wholesale electricity price vs Scottish wind curtailment (total net BAVs), summer and
autumn case studies

In the winter case studyshownin Figureb6, the extreme high prices only occurred at times of

zero curtailment; howeveat other times the relation between price and curtailment was

unclear.
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Figure56 Scatterplot of wholesale electricity price vs Scottish wind curtailment (total net BAW&@r case stug
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GB curtailment is plotted against price@mapter 5 Annex:@nnex6.6. It differs very little

from Scottish curtailment.

There is a more distinct relation between price and time of day, for example as shown

Figure57 below and inChapter 5 Annex:@nnex6.7. There is considerable range of prices for

SFOK aSiidtSYSyd LISNA2RZ odzi | abe2 LISF]T F RI&¢

summer and autumn case studies, with price maxima in the early evening and also in the

morning. The winter casestudyK2 ga I a2y S 2NJ (g2 LISF] + RI&¢ LI
(a) Autumn (b) Winter

Figure57 Scatterplot of wholesale electricity prias time of day (Settlement Period;48), (a) Autumn and (b)
Winter case studies

Finally, a positive correlation is obserydyy inspectionpetween price and Transmission
{@3GSY 5SYIYRZI dziAy 3 [iVK tBoughdvithTansiderablelscatedN& Y b 9 { h

shown in inFigure58 andChapter 5 Annex:@nnex6.8.

Autumn

Figure58 Scatterplot of wholesale electricity prias Transmission System Demand. Autumn case study
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